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1 Summary
Physical properties of the extracellular environment like substrate rigidity and spatial
confinement impact cell functioning in a profound way. They act together with bio-
chemical signaling in the manipulation of cell behanvior from proliferation and migra-
tion to even differentiation. Although in the fields of tissue engineering, biomedical
and biomaterials research this powerful tuning mechanism is increasingly appreci-
ated, our current understanding is insufficient to fully comprehend the effects result-
ing from single, decoupled matrix properties. In this thesis, a highly interdisciplinary
approach is taken to investigate the impact of matrix dimensionality alone and in
interplay with well-defined physical space restrictions on the spontaneous migration
of single cells with the following achievements and findings:
• By means of rolled-up nanotechnology on a polymer sacrificial layer, SiO/SiO2
glass microtube structures were fabricated in an on-chip format. After the
surface functionalization with fibronectin, the cylindrical scaffolds proved suit-
able for the culture of mammalian cells, including human U2OS osteosarcoma
and six different types of stem cells. Exemplarily for murine neural stem cells
(NSPCs), the retained proliferation and differentiation potential as the two
hallmarks of stem cell behavior were demonstrated inside the tubular architec-
tures.
• Depending on the microtube diameter, cell expansion was restricted vertical-
and transversally with micrometer precision. This well-defined isotropic con-
finement was employed to microscopically monitor cell deformation during non-
proteolytic and spontaneous cell migration into the microtubes. U2OS cell
nuclei were found to be more ovoid inside microtube scaffolds and became sub-
stantially deformed for diameters < 8 µm, resulting in a minimum nucleus
dimension of 4± 1 µm for 5 µm as the smallest pore diameter readily accepted
by the cells. This corresponded to a minimum nuclear cross section area of
27 % (compared to the unconfined case), at which the DNA integrity of the
cells was still maintained.
• The comparison of NSPC morphology measures revealed a more three-dimen-
sional (3D) appearance inside microtubes compared to planar substrates, that
converged towards in vivo cell morphologies. The remarkable correlation be-
tween the decrease of microtube diameter and the approaching of the in vivo-
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derived cell shape descriptors underlined the presence of spatial confinement
within the native brain environment.
• The cell movement of NSPCs into the microtubes was accompanied by a mor-
phologically distinct mesenchymal to amoeboid migration mode transition with
suppression of lamellipodia but not filopodia protrusions. Scaffold dimensional-
ity was identified as the major cause for the observed morphology transition by
a direct comparison with cell behavior on substrates that provided the curved
topography, but not full cell enclosure. The motion-generating mechanism of
the 3D migration mode still mainly depended on actin polymerization, and cell
movement adopted aspects of in vivo migration by becoming saltatory.
The precisely-determinable geometry of the microtube scaffolds could therefore be
utilized to mimic aspects of the space-restrictive and 3D nature of the extracellular
environment that is imposed on cancer cells during tissue invasion or neural stem cell
migration during development. Here, effects caused by scaffold dimensionality and
cell confinement were decoupled and a systematic study of their respective impact
on cell migration was achieved. The obtained findings are of high interest for the
understanding of fundamental aspects of cell migration, and contribute to developing
design principles for applications like tissue engineering and biomaterial-assisted cell-
delivery approaches.
2
2 Introduction
The extracellular matrix (ECM) that surrounds cells in live tissue does not merely
provide structural support, but furthermore contributes to tissue development, homeo-
stasis and pathology by regulating various aspects of cell behavior.[94, 104] Biochemical
and physical properties of the ECM like composition, stiffness, spatial arrangement
and biochemistry of adhesion sites, or storage capacity of growth factors, amongst
others, are known to control cell morphology and cytoskeletal organization, prolifer-
ation, migration and even gene expression and cell differentiation.[36, 94,104,144,237,250]
Recent developments in the fields of biophysics, materials science, biological engineer-
ing and their interdisciplinary efforts have contributed to deducing characteristics of
the cell environment that influence cell fate (Fig. 2.1). New design principles for
man-made cell culture scaffolds are starting to evolve which enable a better emula-
tion of the physiological cell response, for example cell migration.[10, 69,104,165] The
understanding of the translocation of cells in vivo and in response to a biomaterial
scaffold is crucial for the advancement of tissue engineering[86, 146] and regenerative
cell delivery approaches.[31, 153,192]
Figure 2.1: Schematic of physical and biochemical properties of the extracellular
environment in live tissue.
Especially physical scaffold characteristics have gained attention lately as previ-
ously neglected but nonetheless powerful tools in modulating cell behavior. However,
our mechanistic comprehension is still limited and effective guidelines for the design
of biomaterial scaffolds where several cell response-modifying properties act together
are still lacking.
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2.1 Physical properties of the cell environment
The physical properties of the microenvironment of cells, like substrate rigidity and
topography, have considerable impact on various aspects of cell fate, such as pro-
liferation,[209,232] apoptosis,[37] and differentiation.[87, 133,264,266] The mechanisms by
which physical scaffold characteristics have an impact on cell activities are starting
to unravel[243] and current research focuses on how cells perceive the physical prop-
erties of their microenvironment and transform them into a biochemical response,
a process termed mechanotransduction.[101,106,157] Eventually the interaction with
the extracellular environment is transduced into an altered gene expression and an
overall adaptation of the cell response,[101,187] so that the understanding of how and
to what extent different physical aspects of the environment influence cell behavior
is of major importance for the investigation of disease pathology or the artificial de-
sign of in vivo-mimicking cell culture scaffolds e.g. for drug screening or regenerative
cell delivery. Next, in vivo relevant physical scaffold properties are listed,[36] but it
remains to be evaluated how prominent their respective contribution to a given situa-
tion (involved cell types and investigated cell responses, e.g. migration, proliferation,
differentiation, . . . ) is. Externally applied forces, that for example arise due to the
flow of blood or the remodelling of tissues, are not taken into account here.
2.1.1 Adhesion sites for force transmission
Cell adhesion facilitates the cohesion of tissue and is a key player in the control
of cell proliferation and death.[29] If an elsewise healthy, anchorage-dependent cell
cannot adhere to its environment, programmed cell death (apoptosis) is initiated.[37]
Even if cell adhesion sites are present, their nano-scale arrangement has to match
the collocation of cellular adhesion receptors to facilitate correct cell functioning.[6][30]
The geometry of cell adhesions defines the positioning of the cell division axis during
mitosis[232] and affects the commitment of stem cells during differentiation.[155] Be-
sides, defective adhesion formation is involved in most pathological conditions, like
cardiomyopathy,[196] Alzheimers disease,[43] multiple sclerosis[43] and tumor progres-
sion.[1]
On a molecular level, cell adhesion molecules (e.g. integrins)[27] enable the covalent
binding of cells to a surface, the extracellular matrix or other cells and thereby estab-
lish a direct physical link between the cell interior and the environment. This linkage
is crucial for the transmittance of forces between the actin cytoskeleton and the sub-
strate and allows cells to probe the mechanical properties of their surroundings and
to generate motion.[182,193] One important feature of nascent integrin-mediated cell
adhesions is their maturation into more stable, so-called focal adhesions in response
to physical cues including cellular tension and external forces.[125] The linkage be-
tween integrin proteins and actin filaments strengthens under mechanical load, which
leads to a modulation of focal adhesion component-signalling, thereby changing the
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cytoskeletal organization and orchestrating the cell response.[19, 38,39,77,195,207] Thus,
cells are able to display directional migration on a substrate with a gradient in adhe-
sion sites with a difference as small as 1 nm across the cell diameter.[7] This gratient
leads to an asymmetrical stabilization of cell adhesions and the orientation of cell
movement, a process termed haptotaxis.[156,253] This characteristic is discussed as
a mechanism that for instance supports the targeted migration of dermal fibroblast
or mesenchymal stem cells through tissues,[253] but can also favor tumor dissemina-
tion.[76]
2.1.2 Substrate rigidity
The covalent adhesion of cells to their environment provides them with the means to
excert forces (”pull”) on the substrate and respond to its stiffness via mechanotrans-
ductory cascades.[51] The sensing of substrate rigidity has been shown for several
cells including epithelial cells, fibroblasts, muscle cells and neurons.[51] Differences in
cell spreading, shapes and adhesion formation are observed,[170] as well as an adap-
tion of the cell cortex stiffness itself.[26, 227] Altered tissue mechanics or a defective
cell response is thought to promote cancer progression,[170] because a reduction of
cell survival and proliferation is only observed for healthy fibroblasts and not their
transformed counterparts on more rigid substrates.[248] Additionally, the formation
of a stiffer glial scar after injury can mechanically impede the regrowth of neurons
in the central nervous system[65] and the fibrotic rigidification after a myocardial in-
farct impairs cardiomyocyte contractility[56] so that matrix rigidity appears to be an
important mediator of cell functioning.[252]
The fabrication of ligand-coated gels of for example polyacrylamide[182,249] has en-
abled the design of substrates with constant biochemical but adaptable mechanical
properties in the range of physiological tissues (elastic modulus: 100 Pa in brain to
>10 GPa in bone). Thereby it was found that the lineage commitment of differen-
tiating neural and mesenchymal stem cells is governed by the elasticity of the cell
culture matrix and corresponds to the cell phenotypes found in tissues with respec-
tive mechanical properties.[57, 197,228] Also, in a process termed durotaxis cells are
able to respond to stiffness gradients within the substrate and display directional
migration towards the stiffer regions of the sample.[143] There is accumulating evi-
dence that even the strain-dependence of the elastic modulus plays a role, since most
ECM proteins display strain stiffening[218] and nonlinear elasticity.[254,255] Therefore
it will be inevitable to adapt the elastic properties of biomaterial scaffolds to foster
stem cell proliferation, differentiation and reintegration in regenerative cell delivery
approaches.
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2.1.3 Spatial confinement
The filamentous ECM proteins and neighbouring cells in tissues restrict the expansion
and forward movement of cells.[36] These space limitations (or: confinement) act
mainly on the cell nucleus as the largest and most rigid organelle. It has a limited
deformation potential during migration through a 3D ECM framework and thereby
physically resist forward movement.[72, 258] As a consequence, cells have to adapt
their migration behavior if the confinement is too large to permit nucleus passage, for
instance through a remodelling of the ECM with proteases.[72] Besides affecting the
migration behavior of cells, the deformation of a cell nucleus can have an impact even
on gene expression patterns (as well as protein synthesis),[47, 131,136,157,214,233] which
is thought to be due to an altered positioning of chromosomes inside the deformed
nuclei and therefore e.g. a different nucelar matrix organization and accessibility
of DNA to transcription factors.[233] Thus, the cell phenotype within a tissue is
potentially biased by the meshwork size and therefore confinement imposed by the
ECM.
Experimentally, the confinement of cells is challenging to implement and measure,
and frequently interpreted as the non-invasive control of cell geometry through the
microstructuring of adhesion sites on a planar surface.[214,231,233,261] To actually pro-
vide a physical constraint to the shape and size of cells in one, two or ideally tree
dimensions, however, a 3D cell environment with measurable pore size is necessary,
which does not confine cell adhesions to a minor (and polarized) part of the cell sur-
face and thereby decouples cell adhesion from confinement effects. Implementations
that underlined the impact of confinement on cell shape,[55, 178] migration character-
istics,[11, 13,194,235,256,258] differentiation outcome[4, 34] and division axis orientation[259]
include microchannels, microwells, microtubes and fibrous polymer (natural or syn-
thetic) meshworks.
2.1.4 Surface topography
The fibrous components of the extracellular matrix like collagen, elastin, fibronectin
or laminin present cells with a complex 3D topography from the nanometer to mi-
crometer range.[75] This architecture supports cell migration for tissue repair and
controls cell proliferation and differentiation,[118] so that consequently mammalian
cells were found to respond in a similar way to the nanometer architecture of syn-
thetic surfaces.[262] It was for example shown that the morphology and proliferation of
smooth muscle cells depended on the size of nanompores within the substrate[171] and
that nanogratings led to cell alignment and elongation of nuclei in smooth muscle
cells,[265] as well as human mesenchymal stem cells.[32] Additionally, the nanoto-
pography provided the means to direct stem cell behavior of mesenchymal[49] and
embryonic stem cells[133] towards the differentiation into a neuronal lineage on the
fiber-mimicking topography of nanogratings.[41, 220]
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The cell response to nano-sized features is mediated through adhesion signal-
ing[48, 119] and detection of plasma membrane curvature via BAR proteins.[36, 74,163]
The signal is eventually transduced into a reorganization of the (actin) cytoskele-
ton.[117] The degree of continuity of the topography determines the type of plasma
membrane protrusions that cells form during migration, which either depend on en-
hanced and sustained adhesion signalling (e.g. lamellipodia) or not (e.g. blebs).[236]
Therefore, the control of biomaterial topography is a powerful tool in scaffold de-
sign to enhance implant integration and support functional cell differentiation in cell
transplantation approaches.
2.2 Microfabricated cell culture scaffolds
The identification of relevant ECM parameters and the reproduction of a specific
cell phenotype within a biomaterial scaffold is impeded by the inherent complex-
ity of the native tissue environment and the many interdependent biochemical and
physical features that cooperate in the precise fine adjustment of cell behavior. One
attempt to create in vitro cell culture scaffolds that resemble the native tissue en-
vironment as closely as possible is the decellularization of real tissue samples and
the utilization of the remaining matrix as a substrate for cell growth. This approach
however suffers from drawbacks like modification of the biochemical composition[81]
and reduced comparability between studies due to ill-defined matrix complexity[200]
and structural heterogeneities.[256] Here, more reductionistic approaches can help to
reproduce distinct features of the extracellular environment and to then modularly
combine them to increase scaffold complexity. To this end, advanced microfabrica-
tion methods have been employed for the reproducible and parallel fabrication of
patterned cell culture scaffolds, where the mechanical features of the substrate are
selectively controlled and manipulated.[226] These micropatterned substrates enable
the analysis of single cell behavior like migration, proliferation and differentiation
by microscopic means[55, 157,178] and constitute a valuable tool for basic cell biology
studies as well as applied tissue engineering.[130]
2.2.1 Scaffold functionalization
Most cell lines derived from cohesive tissue depend on adhesion to their environ-
ment.[29] This necessitates the control of substrate characteristics and potentially
the surface functionalization with cell adhesion motifs, which enables or enhances
cell attachment to artificial scaffolds.[234] So far a variety of adhesion mediators have
been adsorbed on or conjugated to biomaterial surfaces[134] and commonly employed
examples include entire ECM proteins (like collagen, laminin or fibronectin), their
components (e.g. arginine–glycine–aspartic acid (RGD), poly-L-lysine) or carbohy-
drates.[111,134] ECM proteins hereby play an important role because they not only
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facilitate cell attachment, but also help to preserve the cells’ original phenotype by
reproducing biochemical aspects of the in vivo environment. In the tissue, cell adhe-
sion receptors engage with specific binding sites of the ECM, a process that regulates
and influences aspects of cell growth (like spreading and proliferation), cell migra-
tion (like motility and invasiveness for immune responses or in cancer metastasis),
as well as differentiation.[5, 145,245] A surface functionalization with carefully chosen
ECM proteins can thus increase the cell culture compatibility of a microfabricated
substrate and foster the preservation or approximation of the in vivo cell phenotype.
Of the different ECM components, fibronectin[103,181] is the second most common
constituent[8] and therefore widely used in cell culture coatings. Via its RGD amino
acid sequence, this glycoprotein promotes cell adhesion, spreading and migration[78]
of various cell lines.[176] Fibronectin is routinely used for in vitro cell expansion of
stem cells[96] and constitutes a suitable candidate for bioscaffold functionalization.[126]
2.2.2 2D versus 3D geometry
For the sake of convenience, most of standard cell culture is performed on the two-
dimensional (2D) surface of Petri dishes and culture flasks. However, the 3D archi-
tecture of tissues cannot be reflected in the 2D nature of planar substrates[10, 53,59,251]
where adhesion-dependent cells form substrate attachments only at their basolateral
side.[15] This leads to an artificial cell polarization, which is not present in natural
tissue, and a planar cell morphology that differs from the phenotype in a 3D envi-
ronment.[132,226] In the tissue, integrin-mediated adhesions are distributed across the
whole cell surface and differ in composition and functioning from their in vitro ana-
logues.[45, 46] The diffusion of nutritions and other biochemical signalling molecules
is practically irrelevant on 2D surfaces where one side of the cells is always in direct
contact with culture medium, but becomes crucial in the tissue where diffusion gradi-
ents of signalling molecules for example define the organization of the whole organism
during development[177] or facilitate wound healing.[25] Also, cell movement on planar
substrates can only be restricted laterally by contact with other cells, whereas in the
ECM cell migration is physically impeded through the 3D matrix (section 2.1.3) and
resembles better the uniaxial migration on 1D line patterns than on 2D surfaces.[54]
Therefore, 3D biomaterial scaffolds compete with traditional planar cell culture sub-
strates to better translate the physiological cell microenvironment into the in vitro
setting.[132,200]
Although it is reckoned that the dimensionality of a scaffold is a crucial cell fate
determinant, experimental evidence that directly addresses the influence of scaffold
dimensionality on cell behavior is still scarce due to the interdependence and com-
plexity of scaffold features in 3D systems. In ECM-derived or mimicking hydrogels
for example the polymer content and matrix crosslinking correlate directly with ma-
trix stiffness, pore size and therefore cell restriction and number of adhesion sites,[53]
which all modify cell functioning. While on planar substrates the material com-
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position and stiffness, as well as adhesion geometry (topography and continuity of
presented adhesion sites) are decisive, in a 3D environment the spatial arrangement
and scaffold porosity additionally define the physical confinement and dictate cell
behavior.[53] Taken together, only a precise control of the scaffold architecture and
the independent tuning of significant scaffold properties in a 3D context will help to
isolate the respective effect of a single characteristic with in vivo relevance.
2.2.3 3D scaffolds for cell migration studies
Regulated migration of cells is crucial for the correct development and tissue home-
ostasis of multicellular organisms. Although cell movement has been studied exten-
sively on 2D substrates, the inferred findings can only to some extent help to un-
derstand the mechanisms that drive cell migration in vivo.[53, 68,251] The difference in
adhesion localization and composition,[45] as well as the presence of cell confinement
in 3D ECM[36] demonstrate that the migration strategy of cells is context-dependent.
To address this issue, in vitro scaffolds are designed an implemented using microfab-
rication techniques (methods described extensively in the literature[17, 23,114,268,269])
to investigate the underlying mechanisms in a 3D context.[10] Whereas 1D and 2D
models have contributed greatly to the identification of cellular components involved
in cell adhesion and migration,[33, 52,54] 3D scaffolds facilitate the investigation of the
cell type-dependent plasticity of migration strategies with a more faithful emulation
of the in vivo environment.[256]
Different design approaches have evolved to present a completely surrounding, 3D
environment to cells while still enabling the observation of single cell migration with
microscopic means (Figure 2.2). One frequently employed approach employs hydro-
gels[244] of either natural[54, 89,164,256] or synthetic[88, 135,188] origin, with the possibility
to pattern bioactive or adhesion-promoting peptides via light-activation of photo-
liable groups.[98, 168] However, hydrogel characteristics like porosity and compliance
(rigidity) are usually interdependent,[164] and the need for 3D tracking and reconstruc-
tion of cell positions and step distances further complicates the scaffold parameter-
dependent study of cell migration. More reductionistic cell culture scaffolds can help
to reproduce distinct features of the extracellular environment and to separately infer
their respective impact on cell migration, while still presenting a 3D environment to
single cells. Examples include micropillars,[22, 80] free-form constructs,[180,204] rectan-
gular microchannels,[11, 102,108,149,150,194,235] and microgrooves,[50, 230] which have been
fabricated to demonstrate that the dimensionality of the scaffold affects cell mor-
phology and orientation, as well as motility and migration mechanisms.
Many more scaffolds like polymer fibers[185,186] and microporous foams[120,242] are
reported in the literature for tissue engineering purposes, but do not support the
investigation of cell migration via live-cell imaging due to the lack of optical trans-
parency. So far, most conveniently employed for 3D cell migration studies are rect-
angular microchannels and microgrooves that allow the observation of single cells
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Figure 2.2: Schematic of different designs of 3D biomaterial scaffolds for studying
cell migration: a) (synthetic) hydrogels, b) micorpillars, c) free-form constructs,
d) microchannels (as used in microfluidics) and e) microgrooves.
with high resolution, provide a 3D cell environment and - adjustable via the channel
width - present a certain amount of confinement to the cells.[121] However, due to
their inherent asymmetric (e.g. rectangular) design and the combination of different
materials with differing properties (e.g. PDMS and glass), these model systems fail
to provide a homogeneous and isotropic cell environment. Therefore, research ef-
forts are still centering on the design of 3D scaffolds for well-controlled cell migration
studies with high optical resolution and a basic, in vivo-relevant set of scaffold pa-
rameters. This will facilitate the systematic study of single cell migration and provide
comparability between experiments, ultimately leading to a better understanding of
the pervasive process of cell migration.
2.3 Cell migration mechanisms
Cell migration of adhesion-dependent cells on 2D substrates is well studied and the
underlying mechanisms are summarized in the concept of the cell migration cycle
(Fig. 2.3). According to this principle, cell forward movement becomes possible
through an extension of the cell leading edge, the formation of new integrin-mediated
adhesions with the substrate, the forward movement of the main cell body through
actin and myosin (actomyosin)-based contractility and the detachment of the trailing
cell edge.[125,129,193] This motility cycle however does not accurately describe cell
migration in 3D space, where cell translocation does not necessarily require integrin
and myosin functioning.[16, 128,191]
Additionally, the confining cell environment of ECM and neighbouring cells
necessitates additional migration strategies like enzymatic matrix degradation or
adapted cytoskeletal organization and nucleus deformation to navigate through tis-
sues.[16, 68,258] This becomes evident for instance by sandwiching cells between two
non-adhesive surfaces, which led to a switch in migration phenotype and cell translo-
cation for several cell lines instead of preventing cell movement.[141] Also, different
cell protrusions are observed in a 3D context, that are compatible with confined
migration.[36, 217] While the extension of the cell leading edge on planar substrates
10
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Figure 2.3: Schematic of the motility cycle that mechanistically explains cell for-
ward movement on a surface (adapted from [24, 154]).
is achieved through a sheet-like lamellipodium composed of a branched actin net-
work and, mostly originating from its front, finger-like filopodia consisting of bun-
dled actin filaments, the range of protrusions observed in the 3D environment is
more diverse.[184] Here, lamellipodial structures are usually not present. Instead
filopodia,[109] membrane blebs driven by internal hydrostatic pressure,[16, 35] ruffle-
like structures,[128] actin-rich lobopodia,[183] and pseudopodia[107] are observed. The
type of protrusion that is formed seems to depend to some extend on the cell type and
is influenced by the internal balance of actin polymerization, myosin contractility and
possibility to adhere to the substrate.[16, 142] Therefore, the mechanistic description
of 2D cell migration cannot simply be transferred to the 3D situation, but needs to
be refined and possibly extended to realistically describe the mechanisms of in vivo
cell migration.
Overall, recent studies of single cell migration in synthetic and cell-derived 3D
environments revealed that focalized integrin clustering, the assembly of prominent
focal adhesions and the recruitment of force-generating actin cables (stress fibers)
is no longer important in the 3D environment.[53, 68,69] Instead, a marked plasticity
in 3D cell migration strategies and protrusion formation was observed. This plas-
ticity allows cells to adapt to complex environments[16] or compensate however lost
11
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properties by deploying different migration modes. It was for instance shown that a
protease-inhibitor treatment targeting the matrix degradation ability of tumor cells
was not effective in stopping cancer spreading.[70, 198,257,260] In an attempt to classify
individual cell migration strategies the terms mesenchymal and amoeboid cell mi-
gration modes have emerged that distinguish two morphologically distinct migration
phenotypes (Fig. 2.4).
Figure 2.4: Schematic of different migration modes in a 3D environment (adapted
from [71]). MAT: mesenchymal to amoeboid migration mode transition.
Mesenchymal migration is commonly found for cells with a higher level of attach-
ment and cytoskeletal contractility,[71] which leads to a rather spread morphology
and more focalized cell-matrix interactions like for fibroblast cells[183] (”fibroblast-
like” motion). Amoeboid migration on the other hand is found for low-adhesive,
rounded cells without mature focal adhesions, which can therefore reach faster mi-
gration velocities.[71] The balance of actin protrusivity versus myosin-mediated con-
tractility determines the actual subtype of amoeboid movement[71, 142] that ranges
from contractility-driven blebbing motility[35, 60] to purely actin polymerization-driven
gliding and protrusion formation.[213,267] Amoeboid migration has been reported for
Dictyostelium,[267] different tumor cells,[16, 198,260] most leukocytes[67, 128] and zebrafish
primordial germ cells.[18]
Depending on their environment, cells can not only employ different leading edge
structures, but also adapt their migration mode (e.g. trough a mesenchymal to
amoeboid migration mode transition, MAT).[16, 64] In order to elucidate the corre-
lations between scaffold determinants and the migration response of a single cell,
well-defined 3D cell culture scaffolds will have to be employed in the observation of
single cell migration. Thereby identified principles and mechanistic details will help
to understand the complex process of cell migration in real tissue environments.
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The development of a multicellular organism that emanates from a single fertil-
ized oocyte becomes possible through the expansion of initially unspecialized cells
that then differentiate and constitute the different tissues and organs. These cells
with the potential to self-renew through cell division and to differentiate under cer-
tain conditions into cells with specific functions are classified as stem cells. Along
with proceeding development of the organism, their ability to form a variety of cells
(= their potency) gets more restricted and tissue-specific stem cells are formed, that
even persist into adulthood to replenish lost cells in that tissue. One example are
neural stem cells (NSCs),[2, 3, 42] that can give rise to all cells from nervous tissue. For
NSCs, the designation ”progenitor cell” instead of or in combination with ”stem cell”
is frequently used to indicate a more limited self-renewing capacity and possibly a
more restricted potency.[9, 208] However, neural progenitors still fulfil the criteria of
proliferation and differentiation associated with stem cells, while constituting a cell
population that is more lineage committed (Figure 2.5).
Figure 2.5: Illustration of the stem/ progenitor cell concept exemplarily shown for
a neural stem cell (NSC).
The in vitro expansion of mouse neural stem and progenitor cells (NSPCs) is
routinely possible on culture dishes with a fibronectin coating,[161] which mirrors
the glycoprotein’s importance during fetal brain development.[78, 176] Although being
virtually absent from the adult ECM in the brain,[12, 21] fibronectin has been detected
in the developing mouse cortex with a distinct temporal and spatial pattern and is
a functional component of the NSPC niche.[246]
During formation of the central nervous system, a tight regulation of neural stem
and progenitor cell (NSPC) proliferation, migration and differentiation leads to the
correct structuring of for instance the brain[246] and during neurogenesis, defects in
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neuronal migration are known to cause fatal development disorders like lissencephaly,
schizophrenia or Alzheimer’s disease.[239] However, the migration of NSPCs that give
rise to cortical neurons has not gained much attention yet. It is known that dur-
ing embryogenesis subclasses of NSPCs localize to at least two proliferative layers in
the brain[92, 140,166,174] and first experiments indicated that NSPCs display a unique
migration behavior, which was termed ”saltatory movement”. In doing so, the cells
continuously project a prominent leading cytoplasmic process (finger) that is fol-
lowed by the main cell body in intermittent bursts of forward motion.[14, 112,223,238]
This movement pattern was suggested to depend on the glial scaffolding that serves
as a guiding framework during fetal NSPC migration[238] and a sufficient amount of
extracellular space, since in adult brains the submicrometer effective pore size al-
most completely prevents NSPC translocation.[14] These findings were derived from
elaborate life-cell imaging experiments of brain slices with limited resolution. How
the migration of NSPCs, that lose their attachment to the ventricular surface, takes
place mechanistically is not known yet.[147]
A detailed study of NSPC migration within a microfabricated scaffold that is able
to mimic the confined but guided brain migration could help to identify the mecha-
nistic principles facilitating the 3D saltatory movement. These findings could then
constitute a basis for and be verified in more elaborate experiments involving brain
sections as the ultimate in vivo model, thereby contributing to the comprehension
of NSPC migration. This is all the more important because NSPCs are a potential
cell source for stem cell transplantation with the purpose of treating diseases of the
central nervous system,[152,169,229] like spinal cord injuries or brain stroke.[83] Their
endogenous recruitment and graft integration, both relying on migratory processes,
will be of major importance for the therapeutic outcome.[139,152]
2.5 Aims and objectives
3D cell motility studies conducted so far generally have in common that biomaterial
scaffolds were utilized where several characteristics like porosity, compliance, consti-
tution or scaffold dimensionality are modified simultaneously. Thereby it is challeng-
ing to discern the impact that each of the respective characteristics has on the cell
response. Additionally, the fabrication of topographically structured substrates for
the observation of single cell migration under a quantifiable, isotropic confinement in
more than one dimension remains challenging and has not been achieved so far.
To address this issue, optically transparent microtube structures[91, 158] were chosen
in this thesis to investigate the impact of cell confinement on the nucleus morphology
and non-proteolytic migration of single cells. Transparent and biocompatible glass
microtubes can be fabricated with different diameters that gradually restrict cell
growth in two dimensions (lateral and vertical), while the behavior of single cells
can be easily observed with optical microscopy. Compared to a planar reference
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substrate, all physical parameters besides confinement and the dimensionality of the
cell environment are alike, so that for diameters just larger than the cell dimensions
the mere impact of scaffold dimensionality can be observed. The tubular scaffolds
that are microfabricated by rolled-up nanotechnology on polymers[158] circumvent
drawbacks of decreased optical resolution due to increased volume depth of a scaffold,
or an asymmetrical confinement of the cell environment. They have been shown to
support the growth of various types of cells such as yeast[100] and HeLa cells,[212] as
well as to guide neuron extensions,[206] and have been successfully employed to study
mitotic processes in confined space.[259]
Here, this instrumental cell culture scaffold first is utilized to address the deforma-
tion of cell nuclei as the largest obstruction to single cell migration in confinement.
Human osteosarcoma (U2OS) cells were chosen as a model system, because they
are an established and one of the oldest human-derived cell lines with retained tu-
morigenic potential in mice,[167] as well as in vitro invasion potential as incidated by
Matrigel invasion assays.[40] Then, the microtube system is employed to investigate
the effects of constricted cell growth on the migration behavior of mouse neural stem
and progenitor cells (NSPCs) which has not been studied in a well-controlled in vitro
environment so far, but is of high relevance in understanding NSPC migration during
fetal brain development and stem cell transplant integration.
Specifically, the following questions are addressed in this thesis:
• Can the application range of the glass microtube scaffolds be expanded to the
culture of stem cells? Does the functionalization with cell adhesion-mediating
proteins enable the observation of stem cell migration into the microtubes and
does the microtube environment furthermore support cell proliferation and dif-
ferentiation as the two hallmarks of stem cell behavior?
• How does the morphology of cells and specifically their nuclei change if they
are subject to a 2D, isotropic confinement? What extent of deformation do the
cells readily adopt (self-impose)?
• What influence on the utilized migration mechanism does the dimensionality
of the cell environment have if cell growth on 2D is directly compared to within
a 3D environment and other physical or biochemical cues are not modified?
• How is the migration behavior of NSPCs affected when their environment im-
poses a certain amount of confinement on the cells?
• Can aspects of in vivo NSPC migration be mimicked by the in vitro microtube
system?
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In this chapter, methods for the fabrication of employed cell culture scaffolds (sec-
tion 3.1), experimental techniques related to cell experiments (section 3.2) and data
analysis procedures (section 3.3) are described. Figure 3.1 summarizes the sequence
of experimental procedures.
Figure 3.1: Schematic of progressive fabrication steps for a) micotube or b) mi-
cropattern sample 1.) microfabrication, 2.) functionalization and 3.) cell experi-
ments.
If consumables were essential for the fabrication process, they are listed at the ap-
propriate positions in the text. Generally, consumables were purchased from Sigma-
Aldrich, VWR International GmbH, Merck KGaA, Greiner Bio-One GmbH, Life
Technologies GmbH or Eppendorf AG (all located in Germany).
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3.1.1 Microtube samples
The fabrication of transparent silicon monoxide and dioxide (SiO/ SiO2) microtube
samples by means of nanomembrane strain-engineering on a polymer sacrificial layer
was developed at the Institute of Integrative Nanosciences (IIN) at the Leibniz In-
stitute for Solid State and Materials Research (IFW) Dresden, Germany,[158] and
has become a well-established procedure there. Methodically the protocol given by
Harazim et al.[91] was followed in this work, that describes the fabrication of micro-
tube samples and their subsequent functionalization (section 3.1.3) for cell culture
applications.
First, 18 mm × 18 mm cover glass substrates (0.16 mm thickness, VWR) were
carefully cleaned by sonicating in an acetone bath for 1 minute and rinsing with iso-
propanol. After drying on a hotplate at 120 ◦C for 2 minutes, a layer of AR-P 3510
positive photoresist (Allresist GmbH, Germany) was spin-coated at 3500 rpm for
35 seconds onto the glass substrates. The polymer film was baked on a hotplate at
90 ◦C for 1 minute and then patterned by conventional photolithography. Exposure
to UV light through a photomask using a contact mode mask aligner (MA56, SÜSS
MicroTec AG, Germany) structured rectangles of desired size (e.g. 100 µm in width,
100 - 500 µm in length) that remained on the glass substrates after sample immer-
sion in a 1:1 (V/V ) solution of AR 300-35 developer and deionized (DI) water for
75 seconds. The subsequent 30◦ glancing angle deposition of SiO (5.0 Å/s, 5 nm)
and SiO2 (0.5 Å/s, 30 - 80 nm) layers in an electron beam evaporation system (BOC
Edwards FL400, USA) maintained an uncovered region (window) behind the pho-
toresist structures due to a shadowing effect. Strain engineering during the deposition
process (here through the adjustment of deposition rates) ensured the creation of a
pre-stressed bilayer system that self-assembled into small tubular structures upon
dissolving of the photoresist in DMSO, which could enter through the spared win-
dow. The diameter of the microtubes then depended on the thickness of the SiO2
layer, while the length was given by the size of the photolithographically structured
patterns.
The samples were transferred to isopropanol and dried by critical point drying
(931.GL tousimis R©, USA) to avoid the collapse of the thin structures due to surface
tension effects during the evaporation of the solvent. Homogeneous coating of the
microtube samples with an 18 nm thick aluminium oxide (Al2O3) film by atomic layer
deposition (ALD, SavannahTM100, Cambridge NanoTech Inc., USA) additionally
stabilized the rolled-up structures and prevented their detachment during surface
functionalization and cell culture-related washing steps.
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3.1.2 Micropatterned trenches
The fabrication of trench patterns with a curved profile in an organic photoresist
layer was developed by Stefan Harazim and the protocol further optimized by Cindy
Kupka at the IFW Dresden, Germany. I applied an Al2O3 coating to these samples to
get similar surface characteristics as for the microtube substrates (e.g. stiffness and
roughness) and to allow for the necessary surface functionalization (section 3.1.3).
Briefly, 18 mm x 18 mm glass cover slides (0.16 mm thickness, VWR, Germany)
were cleaned by sonicating in acetone for 1 minute and rinsing with isopropanol.
Additionally, an oxygen plasma cleaning step was performed. A 20 µm thick layer of
negative, epoxy-based photoresist (SU8-10, MicroChem Corp., USA) was spin-coated
at 500 rpm for 10 seconds and 1650 rpm for 30 seconds onto the cleaned substrates,
which were then pre-baked on a hotplate at 65 ◦C for 6 minutes and afterwards
soft-baked at 98 ◦C for another 10 minutes. The trench patterns were structured
into the photoresist by gray scale lithography with a mask-less aligner system (µPG
501, Heidelberg Instruments, Germany). Plateau areas were exposed with 80 % lamp
intensity (λ = 390±2 nm) for 1.5 seconds per pixel. Trenches of different width were
created by exposing stripes with a transversal intensity variation (pattern width 20,
25 or 30 µm, illumination at 8 % lamp intensity with an increase to 64 % at the rims
starting 5 µm away from the sides). The exposure was followed by a two-step post-
baking process of 2 minutes at 65 ◦C and 12 minutes at 98 ◦C, before the samples
were immersed in a bath of SU-8 Developer (MicroChem Corp., USA). Soaking in a
bath of isopropanol stopped the development process.
The dried substrates where then coated with 18 nm of Al2O3. The trench profiles
and surface roughness of the ALD-coated samples were investigated with a VK-X210
confocal microscope (Keyence Deutschland GmbH, Germany) by Cindy Kupka. The
average roughness height Ra defined as the averaged surface height deviations zi
measured from the mean plane:
Ra =
∑n
i=1 |zi|
n
(3.1)
was evaluated with the VK-Analyzer software (version 3.3.0.0).
3.1.3 Surface functionalization
Samples coated with Al2O3 (including reference cover glass substrates) were glued to
3.5 cm plastic Petri dishes with a 1.4 cm hole in the bottom (MatTek Corporation,
USA) using a tow-components glue (picodent twinsil R© 22, picodent, Germany) to
later on allow for the culturing of cells on the substrates. To promote cell adhesion
on the sample surface and inside the microtubes, the Al2O3 layer was functionalized
with fibronectin by covalently coupling the protein to the surface (Figure 3.2). Ac-
tivation of the Al2O3 surface in an oxygen plasma (3 ppm O2, 3 min, 50 W; Femto
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plasma system, Diener electronic, Germany), silanization by incubation overnight in
a 2 % carboxyethylsilanetriol solution (ABCR, Germany) in sterilized water (Fig-
ure 3.2a) and subsequent functionalization with 0.02 mg/mL fibronectin (Sigma-
Aldrich) in Dulbecco’s phosphate-buffered saline (DPBS) in the presence of 0.1 M
N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC) and 0.025 M
N-hydroxylsulfosuccinimide (NHS, both Sigma-Aldrich) at 37 ◦C for 4 h (Figure 3.2b)
rendered the glass samples suitable for cell culture. They were carefully rinsed with
DPBS and stored at 4 ◦C until used.
Figure 3.2: Schematic surface functionalization principles. a) Self-assembled mono-
layer (SAM) formation of carboxyethylsilanetriol on the Al2O3 surface. b) In the
presence of water-soluble carbodiimide EDC the carboxylic groups get activated.
The reaction with NHS leads to the formation of an intermediate compound with
extended half-life, that in a condensation reaction then forms a stable amide bond
with primary amines, e.g. fibronectin. (Schematic according to [216,240])
3.2 Cell biology
3.2.1 Cell lines
Human osteosarcoma U2OS 53BP1-GFP cells were obtained from the laboratory of
Prof. Steve Jackson (Wellcome Trust/Cancer Research UK Gurdon Institute, UK)
and have been reported previously.[73]
Human induced pluripotent stem cells (iPSCs),[189] human mesenchymal stem cells
(MSCs),[62] human neural progenitor cells (hNPCs)[189] or murine embryonic stem
cells (ESCs) cells[97] were provided by the group of Prof. Alexander Storch (Division
of Neurodegenerative Diseases, Technical University of Dresden, Germany). Experi-
ments involving these cell lines were conducted in collaboration with this group. We
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received murine neural stem and progenitor cells (NSPCs) from both cortex (ctx)
and midbrain (mb) region of E14 mouse embryonic brains,[161] isolated from both
wild-type and Nestin-GFP[162] expressing mice, as a gift and performed experiments
in-house. If not indicated elsewise, NSPCs of cortex origin were employed for exper-
iments.
3.2.2 Cell culture
Cells were cultured in a humidified incubator (37 ◦C, 5 % carbon dioxide (CO2)) as
adherent monolayers on pre-treated cell culture plastics, and subcultured according
to standard mammalian cell culture protocols.[66] Details regarding the substrate
coatings and dissociation agents are summarized in Table 3.1. The composition of
the different cell culture media are listed in Table 3.2.
Cell line Flask coating Dissociation agent Ref.
U2OS – 0.05 % trypsin EDTA† (3 min) [73]
MSC – 0.05 % trypsin EDTA† (3 min) [62]
iPSC MEFs on 0.1 % gelatine∗ 1 mg/mL collagenase IV† [189]
(mechanical disaggregation)
hNPC 1 % Matrigel in DMEM† (o.n.) Accutase? (5 min) [189]
ESCs 0.1 % gelatine∗ 0.05 % trypsin EDTA† (3 min) [97]
NSPC 15 µg/mL poly-L-ornithine∗
(o.n.), 4 µg/mL fibronectin∗ (4 h,
37 ◦C)
Accutase? (5 min) [161]
Table 3.1: Summary of subculture protocols for the employed cell lines. Pre-
treatment of 25 cm2-tissue culture flasks (Greiner Bio-One GmbH) and dissociation
agents required for cell culture are listed. o.n.: over night. MEFs: mouse embryo
fibroblasts. Consumables were purchased from †: Invitrogen (Life Technologies);
: BD Biosciences, USA; ?: PAA Laboratories GmbH, Austria; or ∗: Sigma Aldrich.
For cell experiments, 106 cells in 3 mL medium were carefully added to each 3.5 cm
Petri dish and allowed to settle on the fibronectin functionalized microtube scaffolds.
Alternatively, 5 × 104 cells were seeded on control cover slide samples or scaffolds
with micropatterned trenches. U2OS 53BP1-GFP cells were seeded in phenol red-
free medium (Sigma-Aldrich, constituents as listed in Table 3.2) for the detection of
53BP1-GFP fluorescence with a decreased background signal. After maintaining for
2 days in the humidified incubator the samples were used for experiments.
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Cell line Medium constituents Supplements
U2OS 90 % high glucose DMEM∗ 0.5 mg/mL geneticin†
10 % FBS∗ (every 5 days)
1 mM pyruvate†
100 U/mL penicillin‡
100 µg/mL streptomycin‡
MSC 89 % DMEM‡ –
10 % FBS∗
100 U/mL penicillin‡
100 µg/mL streptomycin‡
iPSC 78 % KnockOut DMEM† 5 ng/mL FGF-2∗
20 % KnockOut Serum Replacement† (every 2 days)
1 % NEAA†
1 % pen/ strep/ L-glu?
1 mM β-mercaptoethanol†
hNPC 49 % DMEM-F12† 3 µM CHIR 99021⊕
49 % Neurobasal medium† 0.5 µM PMA◦
1 % B-27 supplement† 150 µM Ascorbic
(no vitamin A)† Acid∗
1 % pen/ strep/ L-glu? (every 2 days)
1:200 N-2 Supplement†
ESC 77 % KnockOut DMEM† 1500 U/mL LIF
15 % KnockOut Serum Replacement‡ (every 2 days)
5 % FBS∗
1 % NEAA‡
1 % penicillin/streptomycin?
1 % L-glutamine∗
0.1 mM β-mercaptoethanol∗
NSPC 65 % high glucose DMEM∗ 20 ng/ml EGF∗
32 % Ham’s F-12 Nutrient Mixture† 20 ng/ml FGF-2∗
2 % B-27 supplement† (every 2 - 3 days)
100 U/mL penicillin†
100 µg/mL streptomycin†
Table 3.2: Composition of cell culture media. DMEM: Dulbecco’s Modified Ea-
gle’s Medium; FBS: fetal bovine serum; FGF-2: basic fibroblast growth fac-
tor; pen/strep/L-glu: penicillin/ streptomycin/ L-glutamine; PMA: Phorbol-12-
myristate-13-acetate; LIF: leukemia inhibitory factor; EGF: epidermal growth fac-
tor; NEAA: non-essential amino acids. Consumables were purchased from ∗: Sigma
Aldrich; †: Invitrogen (Life Technologies); ‡ Gibco (Life Technologies); ?: PAA Lab-
oratories GmbH, Austria; ⊕: Axon Medchem (the Netherlands); ◦: Abcam (UK);
or : Merck Millipore.
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3.2.3 NSPC differentiation
After growing for 2 days on the substrate of interest, the cell culture medium in the
3.5 cm Petri dishes was replaced by 3 mL NSPC medium (Table 3.2) without growth
factors (EGF and FGF-2). Instead, 100 µM N6,2’-O-dibutyryladenosine 3’,5’-cyclic
monophosphate (dbcAMP, Sigma-Aldrich) was added every 2 - 3 days. After 7 days
of differentiation, cells were used for experiments.
3.2.4 Cell microscopy
Live-cell imaging was performed using a Zeiss Axio Observer Z1 inverse microscope
equipped with a 37 ◦C heated stage, CO2 chamber and Zeiss HXP 120 UV lamp. The
software Axio Vision Rel. 4.8 (Carl Zeiss, Inc.) was used for image acquisition. Prior
to performing experiments, samples were equilibrated in the microscope incubation
chamber for 20 minutes to prevent a focus shift due to temperature differences.
For the observation of NSPC motility, images were taken with a 40× objective (oil
immersion, NA = 1.1) and differential interference contrast (DIC) imaging every
2 minutes for 4 hours.
Optical images of fixed samples were taken with a Zeiss LSM 700 inverse confocal
laser scanning microscope (40× objective, water immersion, NA = 1.2; ZEN 2010
software) of the light microscopy facility BIOTEC/CRTD (Dresden, Germany).
3.2.5 Live/ dead assay
To discriminate dead from live NSPCs, Nestin-GFP-expressing cells were incubated
with 12 µM propidium iodide (PI, both Molecular Probes (Life Technologies)) for
5 min at 37 ◦C and then transferred to the pre-warmed microscope incubation cham-
ber (Zeiss Axio Observer Z1). Fluorescence imaging then allowed the detection of
apoptotic cells: While the green fluorescent protein (λex = 395 nm, λem = 509 nm) is
expressed in all viable cells, the red fluorescence of PI (λex = 535 nm, λem = 617 nm)
can only accumulate within cells that have a ruptured cell membrane (dead cells).
3.2.6 Drug treatment
The antitumor protein antibiotic neocarzinostatin was employed to induce the for-
mation of DNA double strand breaks in U2OS cells. The effects of small molecule
inhibitors were exploited to influence cell protrusion formation and migration char-
acteristics of NSPCs. Table 3.3 summarizes experimental conditions and main drug
impact. The respective drug solution in DMSO (or pure DMSO as a control) was
added to the cell culture medium of equilibrated samples on the heated microscope
stage, and live-cell imaging was performed starting 10 min after addition of the drug.
The final DMSO concentration in the cell culture medium did not exceed 0.1 vol%.
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Drug Concentration Target Effect Ref.
Neocarcinostatin 10 ng/mL∗ DNA Activated chromophore
induces strand breaks
[95, 113]
ML 141 40 µM∗ Cdc42 Interference with filopo-
dia formation
[173,222]
CK-636 200 µM∗ Arp2/3
complex
Impairment of lamellipo-
dium formation
[175,221]
Latrunculin A 0.02 µg/mL† G-actin Defective F-actin organi-
zation
[215,263]
Blebbistatin 5 µM∗ myosin II Reduction of cell con-
tractility
[85, 219]
Table 3.3: Overview of employed drugs and their target proteins. G/F-actin: glob-
ular (monomer) or filamentous (polymerized) actin. Drugs were purchased from
∗: Sigma Aldrich or †: Molecular Probes (Life Technologies).
3.2.7 Immunocytochemistry
Cells were fixed with 2 % paraformaldehyde in DPBS at room temperature for 15 min-
utes (U2OS cells) or ice-cold ethanol at -20 ◦C for 12 minutes (NSPCs). Samples were
then rinsed once with DPBS and permeabilized with 0.1 % Triton X-100 in DPBS
for 15 minutes. After washing once with DPBS for 5 minutes and careful removal
of the liquid, cells were incubated overnight at 4 ◦C in a 1 % bovine serum albumin
(BSA) solution in DPBS containing the primary antibodies of interest (Table 3.4).
Target Host Dilution Supplier
Fibronectin ms 1:100 Sigma-Aldrich
Histone H2A.X phosphorylated
at serine 139 (γH2AX)
ms 1:500 Merck Millipore
Fascin ms 1:500 Merck Millipore
Class III β-tubulin ms 1:500 Covance
Ki67 ms 1:200 Leica Biosystems (Germany)
Table 3.4: Primary antibodies employed for the specific detection of the listed tar-
gets. ms: mouse, rb: rabbit.
Samples were then carefully washed three times for 5 minutes each with DPBS
and afterwards incubated for 1 hour at room temperature with a 1 % BSA solu-
tion containing the secondary antibodies (Table 3.5), as well as 4’,6-diamindino-2-
phenylindole (DAPI; 1:1000, Life Technologies) to stain the DNA. For the detection of
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actin filaments inside the cells, fluorescein isothiocyanate (FITC)-labelled phalloidin
(1:150, Sigma-Aldrich) was added to the solution of secondary antibodies.
Target Host Conjugate Dilution Supplier
rb gt Alexa Fluor R© 488 1:500 Invitrogen
rb gt Alexa Fluor R© 647 1:200 Invitrogen
ms gt Alexa Fluor R© 568 1:500 Invitrogen
ms gt Alexa Fluor R© 594 1:500 Invitrogen
ms dk Alexa Fluor R© 647 1:400 Molecular Probes
Table 3.5: Secondary antibodies with conjugated fluorophores for targeting and vi-
sualizing the location of primary antibodies. rb: rabbit, gt: goat, ms: mouse, dk:
donkey.
After another DPBS washing step, a small drop of mounting medium (Vectashield,
Vector Laboratories, UK) was applied to the cell area inside the 3.5 cm Petri dishes
and a 13 mm round cover glass (0.13 mm thickness, VWR) was carefully placed on
top of the region of interest. The edges were sealed with conventional nail polish and
stored at 4 ◦C until being imaged.
3.2.8 In vivo reference experiments
Fixed T-box brain protein 2 (Tbr2, eomes)-GFP[124] mice brains were a generous gift
of Prof. Wieland B. Huttner and the in vivo reference experiments were conducted
by Dr. Anne K. Meyer.
Briefly, 40 µm sections of fixed brains were obtained at a cryotom (Reichert Jung
Frigocut 2800, Reichert Jung, USA) and mounted on glass slides. Mounted sections
were pre-incubated with 3 % blocking serum containing 0.2 % Triton X-100 in PBS for
90 minutes at room temperature and then incubated overnight at 4 ◦C with primary
antibodies (Table 3.4) followed by secondary fluorescence conjugated antibodies (Ta-
ble 3.5) for 1 hour at room temperature. DAPI was used to stain DNA (1:1000, Life
Technologies). Samples were mounted with Vectashield (Vector Laboratories, UK)
under a glass cover slip. Images were taken at a Zeiss LSM-780 confocal microscope
of the light microscopy facility BIOTEC/CRTD (Dresden, Germany). Cells were
imaged that had already acquired Tbr2-GFP autoimmunofluorescence but were still
migrating towards the bulk of Tbr2-GFP positive cells in the subventricular zone.
3.3 Data analysis
The microscope image processing and data extraction was performed with Fiji[203]
(open-source distribution of ImageJ 1.48q, 64 bit). Origin 8.1 (OriginLab Corpo-
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ration, USA) was employed for data analysis and graphic presentation of data, the
figures in this thesis were compiled with CorelDRAW Graphics Suite X7 (Corel Cor-
poration, Canada).
3.3.1 Image processing
To enhance the contrast of microscope images that were taken of microtubes and
micropatterned trenches with a small diameter, a Gaussian blurred duplicate (σ-
radius of 10 pixels) was subtracted from each image (Fiji Image Calculator, ’32 bit
(float) result’ option active).
3.3.2 Kymographs
Image time series (2D over time) acquired by live-cell imaging of NSPCs (section
3.2.4) were transformed into kymographs (space-time plots) with the Dynamic Reslice
plugin of Fiji. In a kymograph the grey value along a given line is plotted consecu-
tively for all images of the original time series, resulting in a graphic representation
of intensity variation as a function of time. Structures like for example filopodia cell
protrusions that move along the linear region of interest then appear as a contrast
edge in the kymograph, which was used to evaluate the propagation velocity of the
structure.
3.3.3 Morphology parameters
For the analysis of U2OS nuclei dimensions, as well as NSPC cell volume, images of
fixed and appropriately labelled cell structures were acquired with a confocal micro-
scope at different focal planes (”z-stack”, 0.5 µm slice spacing). U2OS nuclei were
fluorescently labelled with DAPI and in vitro-grown NSPCs stained for actin, whereas
in vivo-grown NSPCs in brain slices possessed Tbr2-GFP autofluorescence. To as-
sess the dimensions of U2OS nuclei, respective z-stack projections were generated
(’z-projection’ for width b and length a, ’cut view’ for height c) and thresholded (Fiji
default settings, ’dark background’ option active). The length measurements were
then performed manually. For the quantification of NSPC cell volume, the cell area
on each z-stack slice was measured by applying a Gaussian blur filter (0.4 µm scaled
units), thresholding and running the ’Particle Analyzer’ plugin. The cell volume
could then be calculated by multiplication with the slice distance of 0.5 µm. Only
microtubes with dimensions larger than the cell diameter were considered to avoid
any bias due to a potential cell size selection through the microtube confinement.
For analysis of NSPC shape descriptors, Nestin-GFP fluorescence for the in
vitro-grown cells or Tbr2-GFP fluorescence of the in vivo cells in fixed brain slices
was recorded. For the control and microtube substrates, images with the NSPC
circumference in focus were taken (Zeiss Axio Observer Z1). For the in vivo grown
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cells where the cell orientation not necessarily laid within the focal plane of the
microscope, maximum intensity projections of z-stacks with 0.5 µm slice distance
were generated. A Gaussian blur filter (0.4 µm scaled units) was applied to the
images, which were then thresholded (Fiji default settings, ’dark background’ option
active). Cell “footprints” were characterized with the particle analyzer plugin. The
cell spreading area A, its perimeter P , the circularity C defined as:
C =
4πA
P 2
(3.2)
and the aspect ratio as the ratio of major to minor cell axis were calculated.
3.3.4 DNA damage evaluation
The 53BP1-GFP distribution in U2OS cell nuclei was monitored via fluorescence
microscopy and the accumulation of GFP-labelled protein into foci was evaluated as
an indicator for DNA lesions. Similar to the NSPC shape evaluation (section 3.3.3),
a Gaussian blur filter was applied to the images, which were then converted into a
binary image by thresholding. A watershed algorithm was used to separate touching
foci and the particle analyzer function was employed to quantify the number of DNA
damage foci in each cell nucleus (minimal size: 0.1 µm2).
3.3.5 Cell migration parameters
For the analysis of NSPC motility, care was taken to observe single cell migration
that was only influenced by the respective cell culture scaffold and not by physical
interaction with other cells. Cell trajectories were recorded with the Axio Observer
microscope (compare section 3.2.4) and analyzed with the MTrackJ plugin of Fiji.[159]
Every 2 minutes the cell position was marked by manually clicking on the cell center.
From the x and y-positions of the cells, the average velocity vmean for each track
(length of cell trajectory divided by length of time), the arrest coefficient and the
mean squared displacement of the cells were calculated. The arrest coefficient
is the percentage of time that a cell moved slower than a certain value,[20] which I
determined by calculating the average velocity of 15 resting cells without noticeable
displacement, namely 0.27 µm/min. The mean squared displacement MSD(∆t)
is defined as the average squared Euclidean distance a cell has covered after a certain
time interval ∆t and was calculated by using the equation:
MSD(∆t) =
〈
[x(t+ τ)− x(t)]2 + [y(t+ τ)− y(t)]2
〉
(3.3)
The resulting MSD(∆t) curve characterizes the area that a cell has explored in the
system and therefore is a measure of migration efficiency. On longer time scales,
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the slope of the curve indicates the type of motion involved, e.g. random walk or
anomalous diffusion.
3.3.6 Statistical analysis
For each condition, a minimum of three independent experiments were conducted.
Data are presented as mean ± standard deviation (SD) of n values. For the Tukey
box plots, the box frames data between the 25th and 75th percentile (interquartile
range IQR); the line shows the median, the square the mean value and the whiskers
indicate the upper and lower fence of the data set (1.5× IQR). Statistical analysis was
performed employing the Kruskal-Wallis test (nonparametric ANOVA) followed by
Dunn’s multiple comparisons post test using GraphPad InStat 3 (Version 3.10, 32bit,
GraphPad Software, Inc., USA). A probability value of p < 0.05 was considered as
statistically significant.
27
4 Results
4.1 Microtube substrates as well-defined cell culture
scaffolds
Immobilization of a defined adhesion-mediating functionality on a cell growth sub-
strate helps to increases the binding affinity of cells to the surface and to reduce
variation in cell attachment.[111] Especially for stem cells, a precise control of the
biochemical surface properties is essential to facilitate their undifferentiated survival
and proliferation. Therefore, the surface functionalization of glass microtube samples
was first validated and their suitability as cell culture scaffold for various stem cell
lines was tested.
4.1.1 Biofunctionalization facilitates cell adhesion
Due to its cell-friendly adheshion-promoting capacity and based on the requirements
of cell lines used in this study, the ECM protein fibronectin was chosen to promote cell
growth on the otherwise inert glass microtube samples and to facilitate cell migration
into the tubular structures. In Figure 4.1 the cell attachment-mediating ability of a
fibronectin layer on an Al2O3-coated glass surface, as well as the verification of the
microtube functionalization with the ECM protein are shown. Mouse neural stem
and progenitor cells (NSPCs) did not readily attach to the bare or carboxysilane-
modified Al2O3 surface, but rather formed neurosphere-like, spherical cell aggregates
after 2 days of cell growth. If however the additional EDC/NHS-mediated fibronectin
conjugation step was performed, NSPC attachment and monolayer proliferation was
supported (Fig. 4.1a). The functionalization protocol optimized for the planar sub-
strates was adopted to microtube samples of various nanomembrane geometries and
microtube diameters (Fig. 4.1b) and the successful functionalization was proven with
imunofluorescent staining of fibronectin (Fig. 4.1c). The EDC/NHS-mediated con-
densation reaction therefore laid the basis for NSPC attachment and spreading onto
the the Al2O3-stabilized glass microtube samples, thus fulfilling the prerequisite for
cell growth into the tubular structures.
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Figure 4.1: Fibronectin functionalization of Al2O3-coated glass mediates NSPC at-
tachment. a) Micrographs of NSPCs growth on glass substrates after Al2O3-
coating, carboxysilane functionalization and fibronectin conjugation at three dif-
ferent time points. b) Micrographs of different SiO/ SiO2 microtube geometries
after Al2O3 deposition. c) Brightfield and fluorescent images of a fibronectin
(FN)-functionalized or control microtube with immunofluorescence staining for
fibronectin. The left two panels represent a top view, the right panel a side view
at the position indicated by the dashed orange line in the middle panel. The scale
bars equal a) 50 µm, b) 200 µm and c) 10 µm.
4.1.2 Stem cell proliferation and NSPC differentiation
The covalent immobilization of fibronectin on the overall microtube sample surface
should promote cell adhesion and - at a certain cell density - cell migration into
the microtubes. This was indeed reported for HeLa cells,[91] however this cell line
does not necessarily require a surface functionalization for expansion in culture. Cells
that are much more susceptible to their environment but can be expanded indefinitely
without prior immortalization are stem cells. The stem cell environment plays an
important role in regulating their fate, which is recognized in the concept of the
stem cell niche,[202] and necessitates the considerate choice of in vitro cell culture
conditions. To investigate whether the fibronectin functionalization supported the
growth of these more susceptible cells, different stem and progenitor cells of mouse
or human origin were cultured on the microtube samples (Fig. 4.2). Figure 4.2a
sketches the different stages of mouse and human development and indicates the
tissues of origin for the employed stem and progenitor cells (1. - 6.). Indeed all types
of stem and progenitor cells entered microtubes with suitable diameters (compare
Table 4.1) and for all cell types except human iPSCs cell divisions were observed
(Fig. 4.2b). Live-cell imaging confirmed that after two days of incubation the cells
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Figure 4.2: Glass microtube scaffolds support the growth of several stem and pro-
genitor cells. a) Schematic illustrating the origin of human (1. - 3.) and mouse
(4. - 6.) stem cells. b) Differential interference contrast (DIC) micrographs show-
ing the growth of human and mouse stem cells (compare to a)) inside microtubes
of matched diameter. hNPC: human neural progenitor cell, iPSC: induced pluripo-
tent stem cell, MSC: mesenchymal stem cell, ESC: embryonic stem cell, ctx: cortex,
mb: midbrain. The scale bar equals 20 µm.
Cell line hNPCs iPSCs MSCs ESCs NSPCs (ctx) NSPCs (mb)
dmax [µm] 21.3 18.2 21.1 15.7 13.6 13.5
SD [µm] 1.9 1.5 2.0 1.3 0.7 1.2
Table 4.1: Maximum diameter (dmax) of different stem cells for the assessment of
suitable microtube dimensions. dmax was measured manually from cells rounded
for mitosis, n = 30 each.
on the microtube samples were viable and moved inside the microtubes (Fig. 4.3,
Fig. 4.4). The fibronectin-functionalized microtubes were therefore able to support
adhesion, migration and in most cases even proliferation of various stem cell lines on
at least a time scale of two days. The absence of iPSC division events hints at the
need for a further adaption of the surface functionalization for these cells. This is to
be expected since the culture of iPSCs is more elaborate and normally involves the
presence of a layer of feeder cells.
Next, the proliferation potential of specifically NSPCs, which were employed for
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Figure 4.3: DIC micrographs showing the proliferation and migration of different
stem cells of human origin inside the microtubes. Depicted cells are a) an iPSC,
b) MSCs or c) hNPCs. Cell positions are marked, same symbols indicate cells of
one progeny. Time points are indicated as h:min, the scale bars equal 20 µm.
most of the experiments described in this work, was investigated on the employed
biofunctionalization. In Figure 4.5a the undifferentiated status and proliferation
ability of NSPCs is demonstrated through detection of Nestin-GFP fluorescence on a
fibronectin-functionalzed glass surface over the course of 7 days. Nestin is an interme-
diate filament protein present in neural stem and progenitor cells during development
and adulthood,[137,162] thus discriminating NSPCs from their more differentiated de-
scendants.
Inside the microtubes, a live-dead staining (Fig. 4.5b), the observation of NSPC
propagation potential by means of Ki67 immunofluorescence staining (Fig. 4.5c)
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Figure 4.4: DIC micrographs showing the proliferation and migration of different
stem cells of murine origin inside the microtubes. Depicted cells are a) ESCs or
NSPCs from b) midbrain or c) cortex regions of fetal brains. Cell positions are
marked, same symbols indicate cells of one progeny. Time points are indicated as
h:min, the scale bars equal 20 µm.
and live-cell imaging (Fig. 4.5d) demonstrated the compatibility of the fibronectin-
functionalized microtubes with NSPC culture. Ki67 is a proliferation marker present
in the nucleus of cells that are in an active phase of the cell cycle, but absent from
resting cells.[79, 205] Hence the chosen biofunctionalization readily supported the main-
tenance of NSPC proliferation characteristics inside the microtube scaffolds.
Also, the cells’ potential to differentiate into neurons is of high interest, because
together with the shown proliferation ability it proves the retained stem cell char-
acteristics of NSPCs on the microtube samples, which opens up a wider application
range of the biomaterial scaffold. Therefore, NSPCs were cultured on microtube
samples for seven days without growth factors to initiate cell differentiation. Af-
terwards, an immunofluorescent staining for class III β-tubulin, a neuron-specific
protein found in the microtubules of the cytoskeleton,[61] was used to distinguish
neurons from glial cells (Fig. 4.6). The fluorescence images demonstrate the presence
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Figure 4.5: Suitability of fibronectin-functionalized substrates for NSPC cell cul-
ture. a) Proliferation of NSPCs expressing Nestin-GFP as a marker for undifferen-
tiated characteristics on a functionalized, planar substrate over the course of 7 d.
b) Incubation with propidium iodide (red) distinguished apoptotic cells from intact
GFP-Nestin expressing cells (green). c) Immunofluorescence staining of NSPCs in-
side microtubes for the proliferation marker Ki67 (red) inside the cell nuclei (blue).
d) DIC images of two dividing NSPCs at different time points (h:min). The scale
bars equal a) 50 µm and b), c) 10 µm.
of cells with neuronal fate on the microtube samples after one week of differentia-
tion (Fig. 4.6a). The neurons formed also inside the cylindrical scaffolds, with their
extensions aligned along the length of the microtube (Fig. 4.6b-i). Based on z-stack
imaging, side-views of neurons inside the microtubes could be generated and revealed
the 3D orientation of the cell extensions (neurites), which also did attach to the top
microtube wall (Fig. 4.6b-ii). Additionally, for the depicted microtube a color-coding
of the height profile helped to ascertain the spatial arrangement of neurites (Fig. 4.6b-
iii): One extension of the neuron outside the microtube grew above the cylindrical
scaffold and others below, while the neuron inside the microtube was positioned at
an intermediate height.
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Therefore, glass microtube samples with a cell adhesion-mediating biofunction-
alization supported the expansion and single cell observation of six different types
of stem cells and maintained the proliferation and differentiation ability of NSPCs.
These proof-of-principle experiments paved the way for further in-depth studies of
not only stem cell interactions with the physically well-defined, cell encapsulating
microtube environment. Adherent cell lines that are less demanding towards their
culture conditions like cancer cells can most probably be also used to investigate
confined cell growth within the microtube geometry.
Figure 4.6: Neuronal differentiation of NSPCs on microtube samples. Shown are
fluorescence images of immuno-labelled neurons (red) and cell nuclei (cyan), over-
laid with corresponding brightfield images. a) After 7 d of NSPC differentiation,
class III β-tubulin positive neurons (red) have formed on the microtube samples.
b) A neuron has formed outside (black asterisk) as well as inside (white arrowhead)
the microtube. Shown are i) a z-stack projection (top view), ii) a side view of only
the microtube region (indicated by dotted yellow frame in i)) and iii) a top view
with color-coding of height to assess the spatial arrangement of neurites. The scale
bars equal a) 100/ 50 µm (left/ right panel, respectively) and b) 10 µm.
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Due to the strain engineering-based self assembly of the microtubes during their
fabrication process, the width and height of the tubular structures, that is to say
their diameter, was defined by the strain in the nanomembrane, while the length of
the microtubes was given by the initial size of the rolled-up area. The microtube
diameter was deterministically chosen to be in the same range as the cell dimensions,
whereas the length was more than ten times larger to exclude any edge effects during
the observation of cell behavior. A cell that moved into the tubular scaffold and was in
contact with the inner microtube wall thus had one degree of freedom to move (along
the microtube length), but - depending on the microtube diameter - could experience
a 2D isotropic confinement. How these space restrictions did affect the morphology
of the largest and stiffest organelle within a cell, namely the cell nucleus,[127] is shown
in section 4.2.1. Afterwards the fine-tuning of NSPC morphology towards the in vivo
situation is examined in section 4.2.2.
4.2.1 Nucleus deformation of U2OS cells
To assess the effects of varying levels of spatial confinement on nucleus shape and
genome integrity, U2OS cells were grown on fibronectin-functionalized samples with
microtubes of different diameter. U2OS cells are a standard human cell line widely
used in basic cell biological research and especially in the DNA repair field, because
the major components of the DNA damage response are known to be functionally
intact.[82] The cell line is a suitable transfection host and hence, various stable cell
lines expressing fluorescently tagged components of the DNA damage response are
available. The modulation of the nucleus shape was chosen as an indicator for the
cell remodelling capability in response to spatial confinement, because the space
restrictions most probably would act on the largest structure within the cell that is
known to be the limiting factor in space-restricted cell migration.[72, 258]
The diameter of the microtubes was tuned during the fabrication process and
adjusted to fit the size of U2OS cells and their nuclei. The nuclear dimensions
of freely growing U2OS cells were 16 ± 2 µm in width, 23 ± 3 µm in length, and
4 ± 1 µm in height (n = 60). Therefore, different glass microtube scaffolds with
diameters ranging from 4 µm (the average nucleus height of free growing cells) to
17 µm (a little larger than the average nucleus width of free growing cells) were
prepared. This range was chosen to ensure a significant confinement of cells that
grew inside microtubes of smaller diameters as well as not significantly constricting
cells inside the larger structures. U2OS cells were seeded onto each sample at high
density to maximize the number of cells migrating into the microtubes within 2 days
of incubation. Live-cell imaging confirmed that the U2OS cells were able to grow
into the microtubes and survive even inside the narrower structures (Fig. 4.7).
Fixation of the cells, a DAPI staining of the DNA and subsequent fluorescence
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Figure 4.7: U2OS cell growth into the microtubes. a) DIC micrographs of a cell
entering a microtube of 8 µm diameter. b) U2OS cell survival and proliferation
inside a microtube of a diameter of 6 µm. Cell positions are highlighted with
asterisks, time points are indicated as h:min and the scale bars equal 10 µm.
imaging with confocal microscopy revealed the shape change of the cell nucleus in
dependence on the microtube diameter d (Fig. 4.8a). Upon entering smaller micro-
tubes, a visible deformation of the cell nuclei was observed (Fig. 4.8b).
In order to quantify this effect, z-stacks (image series of different focal planes)
were acquired at the position of interest with a confocal microscope (Fig. 4.9a). The
widths and lengths of the cell nuclei were then measured from the maximum intensity
projection of each z-stack. The nucleus length was defined as the longest dimension
of the DAPI-stained area, the nucleus width as the widest dilation orthogonally to
it. With the help of the image processing software FIJI the cut views of each z-
stack were generated and revealed the nucleus height (Fig. 4.9b). Normalization of
the nucleus with b and height c with respect to the nucleus length a, expressed as
aspect ratios a
b
and a
c
, took into account any differences in nuclear volumes. These
volume differences arose from the progression through the cell cycle for instance due
to increased protein and DNA synthesis in preparation for mitosis. The two aspect
ratios were then plotted against the microtube diameter (Fig. 4.9c, d).
Strikingly, the nuclear aspect ratios in both plots concordantly revealed two mi-
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Figure 4.8: U2OS cell nucleus deformation inside space-restricting microtubes. A
DAPI staining of DNA reveals the nucleus morphology inside a) microtubes of
increasing diameter and b) upon entering microtubes with diameters between 6
and 7 µm. The scale bars equal 10 µm.
crotube diameter ranges, which showed a different impact on the nuclear dimensions:
For diameters ranging from 8 to 17 µm, the aspect ratios increased only slightly with
decreasing microtube diameter, implying that the cells adapted to the reduction in
available space without a profound effect on the nucleus shape. At a tube diameter
of 8 µm the aspect ratios of the nuclear width and height reached identical values
reflecting an elongated, rod-like shaped nucleus, which is in sharp contrast to the
rather flat and spread-out morphology of unconfined U2OS cell nuclei. For micro-
tubes smaller than this 8 µm threshold, the dependence of the aspect ratios on the
microtube diameter became prominent. Any reduction of the microtube diameter
below this threshold resulted in a linear and equal decrease of the nucleus width and
height from 6± 1 to 4± 1 µm while the nucleus length increased to compensate for
the restriction and to conserve the volume of the cell nucleus (compare Table 4.2).
At microtube diameters below 5 µm, U2OS cells did not enter the microtubes any
longer.
When compared to freely growing cells, it became evident that the cells inside
the microtubes possessed nuclei that were generally more slender than in cells on
a planar substrate. The narrowed shape arose due to the lateral restriction of the
cell dilation by the microtube wall. Surprisingly, the nucleus height was increased
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Figure 4.9: Analysis of nuclear shapes. a) Acquisition of image (z-)stacks at dif-
ferent focal planes allows the reconstruction of b) all three views of a DAPI-
labelled U2OS nucleus inside a microtube. The scale bar equals 20 µm. c), d)
Aspect ratios of nucleus widths and heights plotted against the microtube diame-
ter d(Microtube).
inside microtubes of all diameters, which therefore was not only caused by the 2D
cell confinement, as the nuclei were hardly deformed inside the larger structures. The
functionalized microtubes offered a cell culture environment where the cells were able
form adhesions to the substrate to an increasing degree around the cell body so that
a transition from a planar and spread to a more 3D expanded morphology occured.
In microtubes with diameters smaller than 8 µm, the cells had to elongate profoundly
to be able to squeeze into the tubular scaffolds. The decrease of nucleus width and
height below a value of 6 ± 1 µm could only be compensated for by a considerable
increase of the nucleus length indicating a significant remodelling of the cell nucleus
content.
This profound cell nucleus remodelling that took place upon entering especially
the narrower microtubes (d(Microtube) < 8 µm) raised the question whether the ob-
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d(Microtube) [µm] Length a [µm] Width b [µm] Height c [µm] n
5 39± 6 4± 1 5± 1 3
6 34± 4 5± 1 5± 1 9
7 29± 3 6± 1 5± 1 5
8 22± 2 6± 1 6± 1 4
9 21± 3 7± 1 6± 1 5
10 24± 6 9± 1 6± 1 5
11 22± 5 8± 1 6± 1 13
12 18± 4 9± 2 7± 1 8
13 23± 3 9± 2 7± 1 4
14 22± 4 9± 1 6± 1 2
15 15± 4 10± 3 8± 1 2
16 22± 5 10± 2 7± 2 5
17 16± 5 10± 3 6± 1 4
Table 4.2: Dimensions of cell nuclei confined inside microtubes of varying diameters.
served morphological changes could influence the integrity of DNA, which is tightly
packed and harbored inside the nucleus to protect and maintain genome stability.
Not only exogeneous agents like ionizing radiation or chemotherapeutic drugs, but
also reactive oxygen species produced by the cells in response to environmental or
mechanical stresses on the chromosomes themselves are known to cause DNA dou-
ble strand lesions.[115] To test for DNA integrity inside the microtubes, 53BP1-GFP
U2OS cells were used (Fig. 4.10a) that stably expressed fluorescently labelled p53-
binding protein 1 (53BP1),[247] a marker of the DNA damage response pathway.
53BP1 localizes to sites of double strand breaks marked by histone H2AX phospho-
rylation (Fig. 4.10b), where it accumulates in order to amplify and promote DNA
repair.[73] The number of 53BP1-GFP fluorescence foci (spots of higher light inten-
sity) inside the U2OS nuclei were thus quantified as a measure of DNA lesions and
used to assess the amount of existing DNA damage in dependence on the diameter
of the confining microtubes (Fig. 4.10c, d). There was no correlation between the
microtube confinement and the amount of DNA damage detectable. Certain changes
in DNA integrity might still occur at selected cell cycle stages, which is indicated
by a recent study of W. Xi et al.: For HeLa and RPE1 cell divisions inside similar
microtube scaffolds an increasing confinement led to a delay of cell divisions and the
accumulation of chromosome segregation errors,[259] which are a possible cause for
DNA double strand breaks.[110] However, the overall quantity of DNA lesions in the
asynchronous cell culture was not affected and the standard deviation of the number
of foci was comparable for all conditions (Fig. 4.10d), arguing against a stage in the
cell cycle where more DNA damage was present at a given microtube diameter.
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Figure 4.10: DNA double strand break analysis. a) Fluorescence imaging reveals
the homogeneous distribution of 53BP1-GFP in a U2OS cell nucleus. b) Induction
of DNA damage by Neocarcinostatin treatment leads to histone phosphorylation
(γH2AX) and 53BP1 recruitment to foci at the lesion sites. Shown are a U2OS cell
i) on a planar substrate and ii) within a microtube. c), d) Quantification of the
amount of DNA double strand breaks (white arrow heads in c)) for free growing
(red colour coding) and confined U2OS cells (green/ yellow colour coding of the
diameter ranges). n is given at the bottom of each column and the scale bars equal
a) 10 or b), c) 5 µm, respectively.
These findings confirmed the applicability of microtube structures as cell culture
scaffolds that could directly manipulate the shape of whole cells and their nuclei
without detectably affecting the integrity of DNA even when the cells were grown
inside the narrowest microtubes of diameters between 5 and 8 µm.
4.2.2 Towards in vivo NSPC morphology
It was recently reported that cancer cell lines can respond abnormally when being
confronted with a surface structuring and that non-cancerous cellular models should
preferentially be used for deducing the impact of topography.[5] Since the fibronectin-
functionalized glass microtubes were suited for the culture of mouse NSPCs derived
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directly from the organism (section 4.1.2), the influence of microtube confinement on
these primary cells was investigated and the in vivo relevance ensured by a compari-
son with the NSPC shape in brain tissue. As for NSPCs the spread cell morphology
associated with cell attachment to planar substrates differed remarkably from their
appearance in tissue, the question at hand was whether the in vivo space limitations
could be mimicked in vitro by confining NSPCs within the microtube scaffold.
As expected the spread and fibroblastic cell morphology was then predominantly
observed on planar substrates (Fig. 4.11a). Less frequently the NSPCs adopted a
rounded and therefore more spherical shape, that has been mentioned in the litera-
ture before.[147] Surprisingly, the rounded morphology prevailed for NSPCs that had
entered one of the microtubes, where 90 % of the cells were round compared to only
17 % on the planar (2D) substrate (Fig. 4.11b). Importantly, the round phenotype
was not associated with cell death, as was validated with life-cell imaging (Fig. 4.12).
Figure 4.11: Spread versus round NSPC morphology. a) Both cell phenotypes can
be observed on 2D or within a microtube by DIC and fluorescence live-cell imaging
of Nestin-GFP. The scale bars equal 10 µm. b) The round cell shape is prevalent
inside microtubes, whereas on a planar substrate most of the cells are spread.
Interestingly, the rounded morphology was not only observed for mouse NSPCs
from both midbrain and cortex tissue, but also for similar stem cells of human origin
(Fig. 4.12). No other investigated stem cell type displayed a morphology transition
upon entering a microtube (compare Fig. 4.3, Fig. 4.4), indicating that this mor-
phological plasticity might be a feature of NSPCs of the developing central nervous
system across species.
To see which cell morphology resembled better the 3D in vivo cell shape, fluores-
cently labelled cells growing on a planar (2D) substrate, inside microtubes and within
fetal brain tissue slices were compared. The in vitro grown NSPCs were fixed and
stained for filamentous actin to visualize the cell body. For the in vivo reference ex-
periments, fixed brain sections of E14 mouse embryos expressing GFP-labeled Tbr2
were prepared. Tbr2 is a transcription factor found in proliferating and migrating in-
termediate progenitor cells in the neocortex[58, 84] and thereby facilitates the locating
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Figure 4.12: Round cell morphology of neural progenitors inside microtubes. Image
series of a single mouse NSPC of the a) cortex or b) midbrain region of fetal mouse
brains or c) a human NPC moving through a microtube (positions marked by
asterisks). Time points are indicated as h:min, the scale bars equal 20 µm.
and microscopy-based shape analysis of single NSPCs in tissue slices. Fluorescence
imaging at different focal planes allowed the 3D reconstruction of cell shapes and the
analysis of cell spread area,) as well as volume (Fig. 4.13).
While the culturing of NSPCs on the 2D substrate led to a multitude of cell spread
areas, indicating various cell shapes, and an increase in cell volume not observed in
the native tissue environment, the microtube framework helped to counteract these
peculiarities. Inside microtubes cell volumes were significantly reduced towards val-
ues of densely packed cells in the tissue, and due to the prevalence of the round
morphology the distribution of cell shapes (reflected in the data distribution) was
narrower than on the planar surface. This demonstrated that the increase in topo-
graphical information was already sufficient to trigger a more in vivo-relevant NSPC
morphology. Moreover, the microtube confinement had a direct impact on cell shapes
(Fig. 4.14a): If the microtube diameter was larger than the spherical NSPCs, cells
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Figure 4.13: Comparison of in vitro cell shapes with in vivo morphology. a) Slices
of different z-stacks for the 3D reconstruction of the immunofluorescently-labelled
cell bodies on a planar substrate, inside a microtube and in brain tissue. The
scale bars equal 10 µm. b) Cell spread area of NSPCs growing on planar (2D)
substrates, inside microtubes and in the developing brain in vivo (3D). Each data
set is depicted as a scatter and a Tukey box plot (the box frames data between the
25th and 75th percentile; the line shows the median, the square the mean value
and the whiskers indicate the upper and lower fence of the data set). ∗ : p < 0.05;
∗∗ : p < 0.01; ∗∗∗ : p < 0.001 (Kruskal-Wallis test followed by Dunn’s post test).
c) Cell volumes of NSPCs growing on a planar substrate, inside microtubes and
in the 3D environment of the developing brain. Error bars show the SD for n
measured cells.
were not restricted in the lateral and vertical direction by the tubular structure.
When the microtube diameter was smaller, cells experienced a 2D confinement that
was conveyed by the microtube walls, leading to an elongation of the round cell body.
To investigate this resemblance more closely, measures of cell morphology with
more emphasis on cell roundness rather than spread area were analyzed (Fig. 4.14b,
c). The aspect ratio (Fig. 4.13b) relates the long axis of the cell projection area to
its short axis, and the circularity ( 4.13c) describes in how far this area resembles
a perfect circle (circularity = 1). Since the round cell shape was modulated by the
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Figure 4.14: a) DIC images of an NSPC inside microtubes with increasing diameter
(top to bottom: 7/ 12/ 14/ 23 µm). The scale bar equals 10 µm. b), c) Dependence
of the shape descriptors aspect ratio (long to short axis length of the projection
area) and circularity (1 for a perfect circle) on the confinement (microtube to cell
diameter ratio). In red colour, parameters of the 3D in vivo situation are indicated.
microtube width, the dependence on the 2D cell confinement, expressed as ratio of
microtube to cell diameter, was taken into account. Unconfined NSPCs (microtube
to cell diameter ratio > 1) were highly spherical with circularities and aspect ratios
close to 1. With decreasing microtube diameter, the NSPCs were forced into a more
elongated and flattened shape so that the circularity values decreased, whereas the
aspect ratio increased. When the microtube diameter was reduced to about half the
size of unconfined spherical NSPCs (d(cell) = 13.6 ± 0.7 µm, n = 30), the shape
descriptors of the confined cells approached the respective values of NSPCs in the
brain (circularity = 0.54 ± 0.07, aspect ratio = 2.6 ± 0.6, n = 11). Together with
the small in vivo spread areas this finding suggests that NSPCs experience a certain
confinement in the 3D environment of the developing brain, where the space available
for the growth of cells is limited. Furthermore, the confinement exerted by the
microtube walls fine-tuned the cell morphology towards in vivo-like characteristics.
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Besides imposing 2D isotropic space limitations on cell expansion, the microtube cell
culture scaffold additionally confronts the cells with a framework that completely en-
compasses them. Inside a microtube a cell is surrounded by the glass nanomembrane
presenting cell adhesion sites, while the diffusion of nutritions in the medium can oc-
cur along the length of the microtube. As described in section 4.2.2, NSPCs that had
entered a microtube displayed a morphology transition regardless of the microtube
diameter and even in the absence of space restrictions (compare Fig. 4.13d). Thus
the change of cell morphology was caused by another feature of the microtube scaf-
fold than the confinement. A potential cause was the dimensionality of the scaffold
itself, because it is known that the dimensionality of the cell environment can have a
profound impact on cell behavior, e.g. migration.[53, 69] In section 4.3.1 the question
is therefore addressed whether the curvature of the microtubes alone or the whole
3D structure was necessary to induce the cell shape change. In sections 4.3.2 and
4.3.3 the spherical cell migration inside the microtubes is then investigated in more
detail and evidence is provided that the morphology transition involves a change in
NSPC migration mode.
4.3.1 Scaffold dimensionality dictates NSPC morphology
The observation of NSPC behavior on the functionalized glass microtube samples
with live-cell imaging revealed a remarkable morphology transition from outstretched
and spread on the planar substrate to rounded and spherical inside the microtubes
(compare Fig. 4.11). Most interestingly the morphology transition was reversible, so
that upon leaving the microtube environment the round cells elongated and spread
again (Fig. 4.15a).
Since the morphology of a cell is controlled by its cytoskeleton,[90] an interesting
starting point for a more in-depth analysis was the visualization of actin filament
(F-actin) distribution in the respective cell morphology types (Fig. 4.15b). Confocal
imaging of fluorescently labelled F-actin next to the contact region with the scaffold
surface or at half of the cell height revealed a pronounced difference in cytoskeletal
organization for the planar versus the microtube environment. Generally, F-actin
localized mainly to the cell cortex, a crosslinked actin network stabilizing the cell
plasma membrane.[199] However, on the planar substrate the cells had assembled
the actin fibers into thickened filamentous structures - so called stress fibers - at the
interface with the substrate, whereas inside the microtubes the F-actin was more ho-
mogeneously distributed across the cell cortex and no stress fibers could be observed.
This hinted at a tight anchoring of the cells to the planar substrate,[68] that was not
required inside the microtubes.
The observation led to the question which feature of the microtube environment
triggered the morphology transition. The microtube environment differs from the pla-
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Figure 4.15: Reversible cell morphology transition. a) DIC images of an NSPC
(highlighted by a white arrow) leaving a microtube. b) Fluorescence images of
the actin cytoskeletal organization within a focal plane i) next to the contact area
of the cell and the substrate or ii) at half of the cell height. Dotted white lines
indicate the position of the microtube, time points are indicated as h:min and scale
bars equal 10 µm.
nar substrate in the dimensionality of the scaffold, as well as the substrate curvature.
To rule out that the curvature of the microtube walls triggered the spread to round
morphology transition, micropatterned trenches that presented a curved adhesion
area with only lateral (1D) cell confinement and otherwise comparable dimensions as
the microtubes were prepared. The surface roughness of both scaffolds after Al2O3-
coating was comparable (Tab. 4.3) and the subsequently performed functionalization
procedures identical (compare section 3.1.3) so as to provide similar physical and
biochemical surface characteristics without full cell enclosure.
Ra [µm] SD(Ra) [µm] n
Microtube 0.14 0.21 20
Trench 0.20 0.13 81
Table 4.3: Average roughness height (Ra) of the trench and microtube cell culture
substrates. Ra values were measured within the trences or on top of the microtubes
after coating with Al2O3.
Greyscale lithography with gradient SU8 photoresist crosslinking enabled the struc-
turing of trench profiles into a substrate. Three different widths were fabricated
(Fig. 4.16a) and the profiles (Fig. 4.16b) surveyed with a Keyence confocal microscope
specialized on surface topography analysis. After functionalization of the Al2O3-
stabilized trench scaffolds with fibronectin, NSPCs readily adhered to the sample
surface as well as within the trenches. Observation of the cell growth for 2 days re-
vealed that the trench curvature did not trigger the cell rounding that was observed
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Figure 4.16: The dimensionality of the environment dictates NSPCs morphology.
a) Top view micrograph of the structured (9 trenches of 3 different widths) and
developed SU8 photoresist. b) Trench profile of a 18 µm wide and about 5 µm
deep channel. c) Quantification of cell morphology for NSPCs inside trenches of
different width. d), e) DIC image series of each a single NSPC that migrates in
a spread fashion within trenches of 16 or 10 µm width, respectively. Time points
are indicated as h:min. f) Left panel: Overlay of the DIC and fluorescence top
view images of a spread NSPC growing within a 10 µm wide and 7 µm deep
trench. The dashed white lines i - iv indicate the positions of cut views (xz-
plane, generated from acquired z-stacks) shown in the right panels. The SU8
autofluorescence facilitates the visualization of the substrate in the cut views. The
scale bars equal a) 500 µm or d) - f) 10 µm.
for the microtube environment (Fig. 4.16c - f). Live-cell imaging (Fig. 4.16d, e), flu-
orescent staining and z-stack imaging for the reconstruction of cut views (Fig. 4.16f)
revealed that even in the smallest trenches the cells elongated along the recess at
the bottom of the trench structures. Therefore, for all three trench widths the per-
centage of rounded cells was comparable to the fraction on the planar substrate
(17 %, compare Fig. 4.11b). The absence of NSPC rounding in curved channels thus
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demonstrated that curvature alone was not sufficient to induce the predominance of
the round NSPC morphology. Only the complete microtube scaffold that fully en-
closed the cells could reversibly trigger the shape change so that the dimensionality
of the scaffold was the decisive parameter inducing the morphology transition.
4.3.2 Cell leading edge protrusions
During the observation of NSPC behavior with time-lapse imaging it became evi-
dent that inside the microtubes the round cell bodies always possessed filamentous
structures protruding from the cell front and pointing in the direction of movement
(Fig. 4.17). The filamentous structures appeared independent of the microtube diam-
Figure 4.17: Filamentous protrusions of round cells inside microtubes. a) - c) DIC
images at different time points (h:min) depicting NSPCs that migrate within mi-
crotubes and have evolved filamentous cell protrusions. These appear for a broad
range of microtube diameters, here shown for a) 7 µm and b) 23 µm, and appear
always polarized at the cell front (c). The cell position in a) is indicated by white
asterisks, white arrows in c) indicate the direction of cell movement or its turning,
respectively. The scale bars equal 10 µm.
eter at one side of the cell even inside larger microtubes where the lateral confinement
was negligible (Fig. 4.17b). Additionally, they always formed at the cell front facing
the direction of movement, so that the filamentous protrusions were first observed to
change their orientation before cell movement was initiated in the reverse direction
(Fig. 4.17c). This became even more evident with a kymograph representation of the
time-lapse data, where the time flow was visualized as the grey value distribution
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along a line of interest plotted over time (see also section 3.3.2). This representation
was generated for a line along the microtube axis of the time-lapse series shown in
Figure 4.17c and is depicted in Figure 4.18a. In the kymograph one side of the NSPC
Figure 4.18: Filopodia originate at the front of a cell and point in its direction of
movement. a) Kymograph analysis of the time series shown in Fig. 4.17c. i) The
grey value distribution along the yellow dashed line is ii) plotted against time.
Time points are highlighted by white dotted lines (compare Fig. 4.17c), white
arrows denote the direction of cell movement or turning, respectively. b) A sim-
ilar kymograph analysis was performed i) perpendicular to the microtube axis to
ii) display the time-dependent filopodia movement for an image series with 10 s
frame interval (scale bare equals 5 min). c) Kymograph of b) overlaid with sin-
gle filopodium tracks for the evaluation of the sampling velocity. d) Fluorescence
staining of fascin (red) identifies the protrusions originating from the cell body (vi-
sualized with actin/nestin/Tbr2 staining, respectively) as flopodia for cells grown
on the planar substrate, inside a microtube or brain tissue. The direction of cell
movement is indicated by white arrows. The metric scale bars in b) and c) equal
10 µm.
appeared as a clear contrast edge between cell interior and surrounding medium and
allowed the determination of the cell position, whereas the other side exhibited a
varying intensity pattern caused by the transversal movement of the cell protrusions.
The direction of cell movement and the cell side where the filamentous structures
formed correlated noticeably, and a reversion of NSPC movement corresponded with
a reorientation of NSPC protrusions. To analyse the transversal movement of the
filamentous extensions in more detail, a similar kymograph analysis was performed
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orthogonally to the microtube axis for a time-lapse series with a time resolution of
10 s (Fig. 4.18b). The movement of single cell protrusions over time could then be
analysed as an estimate for the transversal velocity (”up-and-down movement”) of
these structures (Fig. 4.18c), which amounted to 8.8 ± 2.8 µm/min (n = 30). The
filamentous cell protrusions therefore were appreciably motile and acted as an indica-
tor of the cell body polarization due to only forming at the cell front. Their velocity
component transversal to the microtube axis and their continuous movement across
the microtube width indicate that the filamentous structures might fulfil additional
functions associated with the perception of the cell environment.
For spread cells migrating across planar substrates it is known that the cell front
assumes different shapes, but in most cases consists of a sheet of branched actin
filaments named lamellipodium, and bundled actin filaments at the leading edge
termed filopodia.[160,210] Considering the morphological similarity of the filamentous
structures at the leading edge of spherical NSPCs with filopodia, their concordance
was to be confirmed and the presence of a lamellipodium to be clarified. To this end
an immunofluorescence staining for fascin (Fig 4.18d), which is the F-actin-bundling
protein found in filopodia,[241] was performed. Fascin was present in cells of all three
investigated environments and in the in vitro setting localized verifiably to the cell
front. On the planar surface fascin could be detected in a few filamentous structures
at a broad cell front, whereas inside the microtubes it localized to all of the several
cell protrusions originating from the spherical cell body, identifying them as filopodia.
In a second approach, small molecule inhibitors were employed that are known
to impede the respective cell protrusions on the planar substrate. The inhibitor
ML141 targets Cdc42, a small GTPase that induces the formation of filopodia at
the cell leading edge,[172,173,222] whereas CK-636 inhibits the Arp2/3 complex, which
is an actin binding protein complex that nucleates the branching of actin filaments
in the lamellipodium.[175,221] Both inhibitors were applied at a concentration that
just impeded the respective cell protrusions for NSPCs adherent to planar substrates
(Fig. 4.19), but without having inadvertent side effects, e.g. ceasing of cell movement.
In Figure 4.19a representative micrographs demonstrate that NSPCs, which formerly
adopted a spread and elongated morphology with filamentous cell protrusions mainly
at the broad forefront, did no longer develop filopodia when treated with 40 µM
Cdc42 inhibitor, or became round without the broad lamellipodium when incubated
with 200 µM Arp2/3 complex inhibitor. Hence the morphology evaluation revealed
a reduced cell spread area (Fig. 4.19b) and increased circularity (Fig. 4.19c) for the
NSPCs with inhibited lamellipodium formation (Fig. 4.19d), whereas the inhibition
of filopodia only altered the presence of filamentous cell protrusions (Fig. 4.19e).
When applying the inhibitors to the NSPCs within the microtube scaffold, the cell
responses differed strikingly from the ones observed on the planar substrate: The
filopodia inhibition did not only suppress the formation of filamentous protrusions
at the spherical cell front, but also led to a reversal of cell rounding (Fig. 4.20a).
The Arp2/3 complex activity-reduced cells still maintained the rounded morphology
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Figure 4.19: Effects of Cdc42 and Arp2/3 complex inhibition on NSPCs on a planar
substrate. a) DIC images of NSPCs treated with DMSO as control or the inhibitor
against the indicated protein. White arrow heads point at filopodia, the scale bar
equals 10 µm. b) Area and c) circularity of the cell spread areas as evaluated from z-
projections for control and inhibitor-treated cells. d) Morphology characterization
and e) percentage of NSPCs with filopodia, evaluated from 15 video frames taken
2 h after the administration of the respective inhibitor.
with polarized filopodia protrusions, which was however occasionally disrupted by
cell blebbing (Fig. 4.20b). The blebbing did interfere with the formation of filopodia
but otherwise did not affect the round NSPC morphology inside the microtubes. It
was not associated with cell death and could be avoided through the addition of
10 µM blebbistatin, a myosin II inhibitor that reduces cell contractility (Fig. 4.20c).
The bleb formation could be monitored on the entire surface of the NSPCs, which
contradicted the possibility of blebbing being an alternative movement strategy that
would require a polarized bleb emergence. Since the Arp2/3 complex is suspected to
contribute to cell cortex integrity[148,199] and blebs can be initiated by contractility-
based rupturing of the cell cortex,[35] the blebbing activity here was not associated
with a lamellipodium inhibition but rather a side-effect of the inhibitor treatment.
The quantification of round versus spread cell morphology (Fig. 4.21a) and presence
of cell protrusions after inhibitor treatment (Fig. 4.21b) then demonstrated that
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Figure 4.20: NSPC morphology inside microtubes upon inhibition of different cell
protrusions. a), b) DIC image series (time points after drug treatment, h:min) of a
Cdc42 inhibitor or Arp2/3 complex inhibitor treated NSPC, respectively. c) After
Arp2/3 complex inhibitor treatment, the occurrence of blebbing was repressed by
the reduction of myosin II activity. The top image shows each cell before addition
of the drug, the scale bars equal 10 µm.
inside the microtubes the suppression of filopodia formation corresponded to the
counteracting of cell rounding. Thereby, 58% of the cells were spread inside the
microtubes without filopodia compared to only 2% before inhibitor treatment. The
inhibition of a potentially present lamellipodium on the contrary did to not markedly
alter the cell morphology.
Additionally, F-actin and the filament-bundling protein fascin were immunofluo-
rescently-labelled in the inhibitor-treated cells (Fig. 4.21c) to visualize the organi-
zation of the actin cytoskeleton. For control cells on the planar substrate the im-
munofluorescence staining revealed the presence of both a dendritic actin network in
a spread lamellipodium, as well as fascin-bundled actin filaments in filopodia at the
cell front. For control NSPCs inside microtubes however, the sheet-like lamellipo-
dia structure could not be detected. Instead, only fascin-positive and F-actin-rich
filopodia were present at the cell front. Consistently, a Cdc42 inhibitor treatment
caused the disappearance of a fascin localization to the cell front for both cell culture
scaffolds. The reduction of the Arp2/3 complex activity did not prevent protrusion
formation on the planar substrate, but led to the round cell phenotype without the
spread lamellipodium similar to the microtube.
In summary, the microtube framework-induced effects on NSPC motility were
counteracted by the Cdc42 but not Arp2/3 complex inhibition, demonstrating a
tight link between the filopodia formation ability of NSPCs and their dimensionality-
dependent morphology transition.
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Figure 4.21: Effects of Cdc42 and Arp2/3 complex inhibition on NSPCs inside a
microtube. a) Percentage of cells with spread or round morphology for the indi-
cated conditions and n cells. b) Percentage of cells that show filopodia and/ or
blebbing, or no specific structures at the cell periphery (“Others”). c) Comparison
of the fluorescent staining for F-actin (cytoskeleton, green) and fascin (filopodia,
red) in control and inhibitor-treated cells either on a planar substrate or within a
microtube. The scale bars equal 5 µm each.
4.3.3 Actin polymerization-driven amoeboid migration
Since the microtube scaffold had such a distinct effect on cell morphology, the NSPC
interaction with the microtube framework potentially modulated the cells’ migration
characteristics as well. The optical transparency of the SiO/SiO2 microtubes and
the ability to design their dimensions in the fabrication process made them the ideal
scaffold to study spontaneous single cell migration in an environment with varying
degrees of confinement. Spontaneous migration is the cell movement that is initiated
randomly without the presence of external guidance cues (“matrix-induced”),[224]
and thereby allows the observation of the mere framework-triggered cell behavior not
overridden by external guidance cues, e.g. biochemical or physical stiffness gradients.
To this end, time-lapse images of NSPCs that were moving on planar substrates or
within the microtubes were taken and the cell positions tracked in two minute time
intervals for up to four hours (Fig. 4.22a, b).
The acquired tracks on the planar substrates showed constant step distances, indi-
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Figure 4.22: 2D vs. 3D single NSPC migration characteristics. a), b) DIC images
overlaid with the tracks of an NSPC a) on a planar substrate and b) within a
microtube at three different time points (h:min). Every red circle corresponds to
a cell position tracked in two minute time intervals, the scale bars equal 10 µm.
c) Mean velocitiy vmean and d) arrest coefficient of cells that migrate on a planar
(2D) substrate or within a microtube. For the planar substrate, the data is further
discriminated according to the cell shape. The arrest coefficient is the proportion
of time that the cells migrate slower than the critical velocity of 0.27 µm/min.
ns: not significant; *: p < 0.05; ***: p < 0.001 (Kruskal-Wallis test followed by
Dunn’s post test).
cating continuous cell motion with a steady velocity, while inside the microtubes the
NSPC movement became more irregular. To assess these differences quantitatively,
the mean velocity (Fig. 4.22c), as well as the arrest coefficient (Fig. 4.22d) were cal-
culated for each cell track. The arrest coefficient was defined as the percentage of
time that the cells were slower than a critical velocity.[20] This velocity was deter-
mined as the average velocity of 15 resting cells without noticeable displacement,
namely 0.27 µm/min, and therefore constituted a measure of the velocity resolution
achieved by the manual cell tracking. The analysis revealed that the spherical cells
on the planar surface on average moved fastest and inside the microtubes slowest.
The arrest coefficients of spread and rounded NSPCs on planar (2D) substrates did
not differ significantly and were much smaller than the arrest coefficients observed
inside the microtubes. For the 2D substrates these findings were in line with the
characteristics of the mesenchymal migration mode of highly adhesive cells (e.g. fi-
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broblasts): the necessary surface anchorage via a broad lamellipodium counteracted
cell mobility. Cells with a rounded cell body had a reduced contact area with the
substrate (compare Fig. 4.15b) and could thereby achieve higher migration veloci-
ties at comparable arrest coefficients. In line with this reasoning the cells inside the
microtubes with completely spherical cell bodies should have been able to migrate
at least at similar rates as the round cells on the planar substrates. However, the
average cell velocities were smaller and the arrest coefficients significantly increased,
underlining the influence of cell environment dimensionality on NSPC spontaneous
migration. Similar to the dimensionality-triggered morphology transition, this effect
was again not related to the confinement dictated by the microtube diameter, as only
a minor correlation of the cell velocity and arrest coefficient with cell confinement
was observed (Fig. 4.23a, b).
Figure 4.23: Influence of microtube confinement on NSPC migration behavior. a)
Dependence of mean velocity vmean and b) arrest coefficient on the microtube to cell
diameter ratio as a measure of confinement. c) DIC image series (2 min intervals
between depicted frames) of an NSPC exhibiting blebbing inside a microtube of
5 µm in diameter (corresponding to a diameter ratio of 0.4). d) DIC image series of
an NSPC inside a large microtube (d = 23 µm) corresponding to a microtube to cell
diameter ratio of 2.6 (time points indicated as h:min). e), f) Immunofluorescence
staining of cell nuclei (blue), filopodia (red) and actin cytoskeleton (green) inside
large microtubes. Depicted are e) top views and f) a reconstructed side view (based
on z-stack imaging). The scale bars equal 10 µm each.
Only inside very small microtubes (diameter ratio < 0.5) the NSPCs were appre-
ciably slowed down, whereas the arrest coefficient started to decrease for cells inside
comparatively large microtubes (diameter ratio > 1.5). NSPCs experiencing a high
confinement inside narrow microtubes occasionally displayed bleb formation at both
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cell ends (Fig. 4.23c), thereby probably demonstrating the theoretically predicted
threshold for cortex stability and thus confinement-induced bleb formation.[138] In-
side very large microtubes, a spread cell morphology appeared again (Fig. 4.23d),
indicating the convergence towards the planar situation. However, spherical cells
were still present within very large microtubes (Fig. 4.23f). Taken together this im-
plied a direct impact of the 3D framework (rather than confinement) on the migration
characteristics of the NSPCs.
Differences in actin cytoskeleton organization and protrusion formation, migra-
tion characteristics and especially the remarkable differences in cell morphology are
reported to be characteristic of a mesenchymal to amoeboid migration mode tran-
sition.[99, 257] The amoeboid migration mode is usually associated with an increased
contribution of cell contractility and blebbing motility, but can also rely mainly on
actin polymerization.[16, 71] In order to assess the relative contribution of the two
locomotion mechanisms to the migration of NSPCs in the different cell culture scaf-
folds, the effects of the small molecule inhibitors latrunculin A and blebbistatin were
tested. Latrunculin A acts by binding to globular (G)-actin in a 1:1 ratio, thereby
inhibiting the polymerization of the actin monomers into filaments.[44] Blebbistatin
binds to the heads of myosin II motors during their detachment from actin filaments
and thus reduces myosin II-mediated cell contractility.[123] Again each inhibitor dose
was chosen as low as possible to just affect the migration characteristics of NSPCs
on a planar substrate, but without impeding cell movement completely (Fig. 4.24).
A concentration of 0.02 µg/mL latrunculin A, or 5 µM blebbistatin emerged to be
sufficient to impact NSPC migration on the fibronectin-functionalized glass slides.
Figures 4.24a and b show snapshots at different time points after inhibitor treat-
ment and demonstrate that the formerly spread NSPCs, that used to display a broad
lamellipodium with filopodia at their front (compare Fig. 4.19), after latrunculin A
treatment did no longer possess filopodia protrusions and after blebbistatin incu-
bation showed an atypical elongation of the cell body. The overall well-spread and
adherent cell morphology was not affected (Fig. 4.24c) and the type of formed protru-
sions was only altered for the experiments involving latrunculin A (Fig. 4.24d), since
lamellipodia and filopodia structures both depend on actin filaments. The analysis of
the average migration velocity, arrest coefficient and mean squared displacement as a
measure of migration efficiency (Fig. 4.25) additionally revealed that both inhibitors
did obstruct NSPC migration significantly.
In the literature it is reported that the migration of adherent cells on a 2D sub-
strate (fibroblast-like or mesenchymal type of migration)[71] mainly depends on the
cells’ ability to generate protrusive forces to extend membrane processes and form
new substrate attachments at the cell front, and contractile forces that detach old
adhesions at the cell rear and thereby generate a net forward movement.[129,193] The
treatment of NSPCs with latrunculin A hindered the formation of filopodia by the
inhibition of actin polymerization and therefore the mobilization of protrusive forces.
Blebbistatin on the other hand reduced the contractile forces necessary for cell rear
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Figure 4.24: Reduction of actin polymerization and myosin II-based contractility
in NSPCs on planar substrates. a), b) DIC image series of a single NSPC after
inhibition of a) actin polymerization by latrunculin A or b) myosin II contractility
by blebbistatin (time points after drug treatment, h:min). The left images shows
each cell before addition of the drug, the scale bars equal 10 µm. c) Percentage
of spread or round cells and d) respective types of protrusions formed before and
after the indicated inhibitor treatment.
Figure 4.25: Influence of actin polymerization and myosin II inhibition on NSPC
migration characteristics on planar substrates. a) Mean cell velocity and b) arrest
coefficients for spread NSPCs before and after indicated drug treatment. c) The
mean squared displacement (MSD) analysis (averaged for 15 to 35 cell tracks)
reveals a decreased migration efficiency under the influence of both inhibitors.
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detachment, so that the NSPCs were no longer able to release their substrate ad-
hesions. Thereby the cell membrane stayed attached to the substrate along the cell
track, while the main cell body was still able to move forward by protrusion forma-
tion. Thus the effects of latrunculin A and blebbistatin on the 2D NSPC migration
were characteristic of the mesenchymal migration mode and demonstrated the de-
pendence of cell movement on both actin polymerization and myosin II-mediated cell
contractility.
When NSPCs inside the microtubes were incubated with the corresponding drug
concentrations, the effect of the respective inhibitions was different (Fig. 4.26). Sim-
ilar to the inhibition of filopodia formation with the Cdc42 inhibitor (section 4.3.2),
the depletion of actin polymerization had a striking effect on the NSPC morphol-
ogy: In order to migrate inside the microtubes, more than half of the formerly
round NSPCs spread and elongated again along a mirotube wall (Fig. 4.26a, c). The
spherical cell morphology could thus only be sustained with a high level of actin
polymerization. As shown in section 4.3.2 the spherical NSPCs inside the micro-
Figure 4.26: Actin polymerization versus myosin II contractility-based cell move-
ment inside microtubes. a), b) DIC image series of a single NSPC inside a micro-
tube after inhibition of actin polymerization (latrunculin A) or myosin II contractil-
ity (blebbistatin) (time points after drug treatment, h:min). The top image shows
each cell before addition of the drug, the scale bars equal 10 µm. c) Percentage of
spread or round cells inside a microtube before and after the indicated inhibitor
treatment. d) Proportion of cells that show filopodia and/ or bleb protrusions, or
no specific structures at the cell periphery (“Others”) upon actin polymerization
or myosin contractility inhibition, respectively.
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tubes formed only filopodia (and no lamellipodia) so that the hinhibition of F-actin
formation greatly reduced the presence of these bundled actin filaments (Fig. 4.26d).
Additionally, the overall migration velocity was significantly reduced (Fig. 4.27a) and
the mean squared displacement analysis demonstrated a reduced migration efficiency
upon actin polymerization depletion (Fig. 4.27c).
Figure 4.27: Influence of actin polymerization and myosin II inhibition on NSPC
migration characteristics inside the microtubes. a) Mean cell velocity and b) cor-
responding arrest coefficients for spread NSPCs before and after indicated drug
treatment. c) The mean squared displacement (MSD) analysis (averaged for 15
to 51 cell tracks) reveals a reduced migration efficiency only for a latrunctulin A
treatment.
A reduction of cell contractility through blebbistatin treatment, however, did not
change cell morphology and protrusion formation (Fig. 4.26b-d), or migration charac-
teristics (Fig. 4.27) remarkably inside the microtubes. Only a prolonged attachment
of the cell membrane to the microtube walls could be observed (Fig. 4.26b), that
overall did not restrict cell motility. This ”sticking” of the cell membrane to the
mirotube walls indicated the presence of NSPC adhesions whose separation got pro-
longed through the blebbistatin treatment. In comparison to the adhesions formed
on the 2D substrates however the adhesions to the microtube walls seemed to be less
strong and could still be detached upon the same blebbistatin treatment. Therefore,
the NSPC migration inside the microtubes mainly depended on actin polymerization
and involved weaker substrate contacts than were established on a planar substrate.
Upon reduction of cell contractility, these weaker adhesions were still detached in-
side the microtubes. This is in contrast to the 2D mesenchymal migration mode,
where a stronger cell anchoring to the substrate required higher cell contractility for
adhesion detachment and where the blebbistatin treatment counteracted locomotion
significantly. These mechanistic together with the morphological differences between
the 2D spread and 3D rounded migration argue for the presence of a mesenchymal
to amoeboid migration mode transition that is triggered by the dimensionality of the
microtube scaffold.
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The presented data demonstrates that the chosen fibronectin functionalization sup-
ported the adhesion of a human U2OS osteosarcoma cell line and six different types of
stem cells to Al2O3-coated glass substrates and enabled the subsequent cell migration
into the microtube cavities within two days. Exemplarily for NSPCs the preservation
of proliferation ability was proven via Ki67 staining and observation of cell divisions.
Additionally, undifferentiated stem cell characteristics were demonstrated by detec-
tion of Nestin-GFP expression and a maintained differentiation ability. The findings
therefore advance the application range of microtube scaffolds to most adherent cell
lines with the possibility to further adapt the presented adhesion ligands via the
unspecific coupling of primary amines to the Al2O3-coated and silanized surfaces.
Fulfilling the prerequisites for cell attachment, proliferation and migration, the
functionalized microtube samples were next employed for further in-depth cell stud-
ies. One of the most straightforward cell characteristics upon entering the microtube
cavity was the morphology of the cells or their nuclei, which could be directly com-
pared to the same measures on planar regions of the same sample. This ruled out
any additional bias due to potential variances during the sample preparation and
provided a control mechanism for the (stem) cell experiments.
In section 5.1 the effect of microtube diameter as a straightforward measure of cell
confinement on the morphology of U2OS nuclei and mouse NSPC cells is discussed.
Section 5.2 then highlights the aspect of increased scaffold dimensionality inside the
microtubes for the modification of NSPC migration. Since both physical scaffold
properties, namely dimensionality and presented confinement, could be varied inde-
pendently, section 5.3 examines their interplay and impact on the migration mode of
NSPCs.
5.1 Cell confinement
An important feature of the microtube environment that was preset during the fab-
rication process was the cell confinement exerted by the microtube walls. The cell
expansion inside the cavities was isotropically restricted in two dimensions (verti-
cally and transversally), while the horizontal dilation along the microtube length
was not limited during single cell observations. Due to the cylindrical geometry, an
easily accessible measure of confinement was therefore the diameter of the micro-
tubes, that was evaluated from top-view microscopic images. Studies that employ
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rectangular microchannels[150,194,235] or hydrogel pores[14, 258] to confront cells with
a space-restricted environment in comparison require the careful validation of the
vertical confinement that is not necessarily of the same size as the lateral one, and
up to now fail to provide data derived for a parameter modulation with micrometer
resolution. Especially for hydrogels the geometry and dimensions of confining pore
openings shows significant variance and need to be elaborately evaluated for each
incidence.
The study of cancer cells in the presence of confinement is of particular interest,
because their ability to overcome physical barriers of the extracellular environment is
tightly linked to cancer progression.[72] If the physical constraints of the extracellular
matrix cannot be overcome by proteolytic ECM degradation, cells need to deform
and squeeze through narrow gaps, which is replicated by the cell migration through
the non-degradable glass microtubes. The microtube diameter thus becomes a mea-
sure of self-imposed cell confinement that indicates the minimum pore size that e.g.
cancer cells can traverse without substrate remodelling. In section 4.2.1 the optical
transparency of the scaffold material is exploited for the high resolution microscopic
observation of human U2OS osteosarcoma cell deformation inside microtubes with
systematically varied diameter. The minimum microtube diameter where the enter-
ing of U2OS cells was still observed, emerged as 5 µm so that for smaller diameters
no cells were able to enter the cavity any longer. Similar size exclusion effects have
been reported for other cancer cell lines: Pancreatic cancer cells (Panc-1) for example
did not enter microchannels with dimensions of (7× 11) µm2[194] and in a 3D colla-
gen hydrogel mouse mammary tumor (MMT) cells were only able to pass through
laser-ablated microtracks down to a calibre of 3 µm.[105] Human osteosarcoma cells
(HOS) were reported to move through channels of (3× 10) µm2 only under sufficient
chemotactic stimulus[235] and human breast carcinoma cells (MDA-MB-231) were ex-
cluded from channels with a cross-section area of (7× 5) µm2 even in the presence of
a chemotacttractant.[150] However, the morphology of the cell nuclei was not further
investigated in these publications although the nucleus is known as the largest and
stiffest organelle that constitutes the largest obstruction to cell deformation.[72, 258]
Only few studies so far have examined the deformation-limiting property of the cell
nucleus and did provide quantitative data for its dimensions,[214] particularly in a
3D context.[116,258] Here the microtube platform was employed to further investigate
the effect of gradual confinement on the dimensions of U2OS nuclei (section 4.2.1).
Whereas on the planar substrate the cells possessed slightly elongated, disk-shaped
nuclei with sizes in the generally for mammalian cells reported range (10 to 20 µm
in with, only few micrometers in height[116,214]), the nuclei inside the microtubes be-
came generally more ovoid. For microtube diameters larger or equal to 8 µm the
nuclei were only somewhat deformed with a slight increase in cell hight and decrease
in cell width. For diameters smaller than the 8 µm threshold, a significant elonga-
tion and considerable deformation of the cells’ nuclei was found, with a minimum,
readily adopted nucleus dimension of 4 ± 1 µm. This value also coincides with the
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average nucleus height on planar substrates and therefore possibly constitutes the
lowest diameter possible in U2OS cell nuclei. Generally the nucleus dimensions in a
3D scaffold are estimated to be in the range of 5 to 15 µm,[72] while it is assumed
that the nucleus cannot be deformed below a diameter of 3 to 4 µm.[36] K. Wolf et
al. observed for the nonproteolytic migration of several cell types (human HT1080/
MDA-MB-231 cancer cells, polymorphonuclear leukocytes (PMNs), CD4+ T-blasts)
through 3D bovine dermal or rat tail collagen a consistent pore size limit of about
10 % of the normal nuclear cross section area.[258] Inside microtubes of a diameter
of 5 µm however the U2OS nuclear cross section area amounted to little less than
one third (about 27%) of the area in the larger microtubes (d > 15 µm). Either
the plasticity of U2OS nuclei is not as high as for the other cell lines, which is un-
likely because the minimum deformation limit of 4 µm[36] was observed inside the
microtubes also, or the deviation arose due to the ”extent” of cell confinement: For
the migrating through narrow pores of fibrillar matrices a constriction of the cells at
only the location of the pore (”hourglass” morphology) is sufficient to traverse the
physical barrier, while inside the microtubes the whole cell is subject to the confine-
ment and the nucleus gets deformed along the whole length of the cell (”cigar”-like
shape). Since the cell confinement by short pores and long microtubes constitute ex-
treme cases of the probably in vivo present physical space restrictions, the reported
deformation ability of 10 % to the here found 27 % of the unconfined nucleus cross
section area can help to estimate the effectively required nucleus plasticity for tissue
traversing. Therefore, the microtube scaffold was ideally suited to study the impact
of a precisely preset non-degradable barrier on the morphology of a cancer cell line,
specifically its nuclei as the main obstruction to cell invasion into the cylindrical
scaffolds. The in vitro scaffold was employed to study the cancer cell deformability
for the extreme case of complete isotropic cell confinement and for the human os-
teosarcoma cell line revealed the value of 4±1 µm as the minimum nucleus diameter
under these restrictive conditions.
Physical space restrictions have not only to be overcome during cancer progression,
but also in other migratory processes that involve the relocation of cells. Complex
patterns of cell migration during embryogenesis for instance lay the foundation for
correct tissue formation,[63] such as the development of the central nervous system.
This requires not only the proliferation and differentiation of stem cells, but also the
migration of neural precursors or immature neurons to their final destinations for
the ultimate formation of the different layers of neural tissue. Hereby, physical space
restrictions in two dimensions possesses in vivo relevance, because during brain devel-
opment cells of the neuroepithelium are densely packed and 2D mechanical stress is
thought to be one of the factors driving NSPCs out of the layer of their birth into their
destined regions.[179] Therefore, neural stem and progenitor cells are most likely sub-
ject to a substantial degree of confinement, which is demonstrated in this work by a
unique comparison of NSPC phenotypes on planar substrates, inside space-restricting
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microtubes and within their native brain environment. This study revealed that the
microtube scaffolds were generally more suited than planar substrates to trigger an
NSPC morphology that better resembled the 3D cell shape in vivo (section 4.2.2).
Additionally, the elongation of spherical NSPCs inside microtubes of smaller diame-
ters helped to approach the shape descriptor values derived from cells in brain tissue
slices. For microtube diameters of half the size of unrestricted, spherical NSPCs
the morphology parameters of scaffold and tissue-deformed NSPCs converged, un-
derlining the presence of cell confinement in brain tissue. Interestingly, the range
of microtube confinement where efficient cell movement was still possible (diameter
ratio ≥ 0.5, section 4.3.3) agreed with the size ratio where microtube confinement
reproduced the shape descriptors found for in vivo brain tissue. Lower microtube
diameters led to the spontaneous formation of blebs at both cell ends, confirming the-
oretical modelling that predicts a threshold confinement for a stable cell membrane
to cortex attachment.[138] Advancing the concept of NSPC sensitivity to excessive
mechanical stresses,[179] these findings suggest that the cell density within the brain is
precisely balanced to allow for migratory rearrangements during development. This
adds to the findings that excessive confinement not only impedes[122] or introduces
errors in cell division,[259] but hampers cell motility, too.
5.2 Scaffold dimensionality
A striking feature of NSPCs inside the microtubes was the prevalence of a spherical
cell morphology that reversed to the spread and elongated appearance as soon as the
cells left the microtubes again (section 4.3.1). Because this morphology transition
occurred without external influences, the microtube scaffold properties themselves
remained as the cause for the cell rounding. Of the physical scaffold parameters
that have the potential to influence cell migration, many can be excluded due to the
sample design: The planar and microtube in vitro samples matched in material and
surface functionalization, so that the presented adhesion sites and their density, the
substrate composition and stiffness were alike. Thus, the microtube samples differed
from the planar substrates only in their 3D aspect, surface curvature and the pre-
sented cell confinement. The spherical cell morphology was observed independent
of the investigated microtube diameter, so that cell confinement could also be ex-
cluded as the reason for cell rounding. To determine whether the curvature of the
cell adhesion area as an aspect of substrate topology or the dimensionality of the
microtube scaffold caused the shape transition, NSPCs that grew within microtubes
or microstructured trenches of the size of single cells were compared. Although the
lateral cell expansion was also reduced, the curvature of the trenches was not suffi-
cient to cause a deviation of the elongated and spread cell appearance, which was
only observed for the complete, cell surrounding microtube scaffold. This provides
experimental evidence that already the dimensionality of the microtube framework
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alone is sufficient to trigger a cell morphology that by comparison with the in vivo
cell characteristics is more in vivo-like. The results demonstrate that already the
planarity of in vitro cell culture substrates introduces significant deviation from tis-
sue environments and underline the particular importance of scaffold dimensionality
in the assimilation of in vivo-like cell characteristics like migration.
The study of spontaneous NSPC migration in the microtube scaffolds revealed
a pronounced impact of scaffold dimensionality not only on cell morphology, but
also cell migration strategy. This indicates that although spontaneous migration
is a prominent cell characteristic on planar substrates, it might not represent cell
motility in tissues already due to the lack of scaffold dimensionality. It is in line with
recent evidence derived mainly from one-dimensional migration models mimicking 3D
fibrillar matrices.[69] These models demonstrated for fibroblasts that the 1D uniaxial,
rather than the 2D phenotype resembled mechanistically better the cell migration in
3D matrices.[33, 52,54] Morphology, migration velocity and the coordination of front-
rear polarization were better replicated by 1D patterned lines than 2D continuous
substrates.[36] Although imparting valuable insight into migration mechanisms, these
patterned lines or 1D fibers still induced an artificial apical-basal cell polarity and the
influence of altered adhesion site density could not be excluded altogether. In this
study, the microtube scaffolds could successfully be employed to provide experimental
evidence for the importance of scaffold dimensionality only, that even for rigid glass
scaffolds led to a better approximation of the in vivo morphology. The findings show
that NSPCs need a 3D extracellular environment that provides a framework and
supports cell localization, counteracting for example Brownian motion. The cells
have to cling to the substrate to maintain contact with the surface[142] if a drifting is
not physically impeded, e.g. through a 3D framework. The formation of distinctive
stress fibers due to the tight anchorage of NSPCs to the planar substrates, which
is absent inside the microtubes, and the missing possibility to reproduce the cell
rounding in curved trenches without a top hint at surface anchorage being a possible
source of interference in cell migration and that it contributes to the importance of
scaffold dimensionality. This aspect is further supported by published experiments
where the sandwiching of fibroblasts between two planes with adhesion motifs already
led to a fast adoption of an in vivo-like, stellate morphology.[15] Therefore, it is
crucial to offer a 3D environment to cells to infer migration mechanisms that are not
dominated by the artificial adoption and anchorage to planar substrates.
This also implies that cells are able to perceive the dimensionality of their envi-
ronment, which is consistent with the presented findings: Inside microtubes filopo-
dia protrusions that are thought to fulfill sensory, exploratory and probing func-
tions[154,160] prevail over the formation of a sheet-like lamellipodium that is associated
with surface anchorage and persistent migration on planar, continuous substrates.[160]
The exploratory cell activity was necessary for the maintenance of the round phe-
notype that was only observed as long as the cells were able to form the sensing
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organelles. A Cdc42 or actin polymerization inhibitor treatment hampered the for-
mation of filopodia and thereby led to a reversal of cell rounding. This switch of
protrusion formation is in concordance with the recently reported hypothesis that a
flat lamellipodium is not compatible with confined migration, that rather relies on
filopodia, blebs, ruffle-like structures or lobopodia.[36]
Differences in protrusion and extent of adhesion formation, as well as changes in the
cell morphology are associated with distinct migration strategies that evolve inside
3D cell culture matrices.[184] In this study, the deviation from the lamellipodium-
based, spread and well adhered cell morphology of the 2D mesenchymal migration
is attributed to the dimensionality of the scaffold alone, facilitating the observation
of the mere impact of dimensionality on the employed cell migration strategy. The
3D NSPC migration mode is characterized by a prominent spherical cell morphology
with filopodia protrusions, that is mainly dependent on actin polymerization and to
a lesser extend on myosin contractility compared to the 2D mesenchymal variant.
The detachment of cell adhesions was possible even under conditions of reduced cell
contractility, suggesting the formation of weaker cell adhesions. These findings argue
for the occurrence of a mesenchymal to amoeboid migration mode transition (MAT)
when NSPCs migrated from the 2D substrate into the 3D microtube environment.
This transition is described to involve substantial changes in the entire cell morphol-
ogy[16] and so far has been reported mainly for tumor cells depending on their activity
of surface proteases[28, 257] or crosstalk of Rho GTPases,[198,201,260] which regulate as-
pects of intracellular actin dynamics.[225] The MAT is generally accepted as the
mechanism that contributes to tumor invasion and metastasis[198,257] upon inhibitory
drug administration, but here was observed as the cell response of primary stem cells
to an increase in scaffold dimensionality. The amoeboid migration is additionally de-
scribed for other rather motile cells like neutrophils[213] and leukocytes,[128] including
dendritic cells.[71] Although the movement of dendritic cells on a planar substrate
occurs in an adhesion-dependent manner, the cells in 3D hydrogels mimicking inter-
stitial cell migration was found to no longer require cell adhesions.[128,190] Myosin II
was only necessary for the nucleus propulsion through confining gaps and the force for
translocation was generated by solely the actin network expansion,[128] leading to a
retrograde actin flow that is able to generate traction within a 3D environment.[93, 190]
Similar as to these cells,[71] the untreated NSPCs did not display bleb protrusions
but rather actin-rich filaments at the cell leading edge. The appearance of blebs
after Arp2/3 complex inhibition across the whole cell surface can be explained by
the involvement of this protein in the maintenance of cell cortex integrity[148,199] and
the control of cortical tension,[16] thus favoring bleb initiation upon Arp2/3 complex
activity reduction.[35] The non-polarized bleb emergence and reduced dependence
of NSPC migration on cell contractility inside the microtubes further contradict the
contribution of the blebs to cell motility. Therefore, NSPCs possess a high plasticity
in cell shape that becomes apparent with the morphologically distinct mesenchymal
to amoeboid migration mode transition, but a low plasticity in protrusion formation.
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The close morphological and mechanistic resemblance to leukocytes underlines the
migratory potential of NSPCs within 3D environments, that potentially is beneficial
for developmental processes.
The NSPC migration mode inside the microtubes is characterized by non-continu-
ous movement and temporary resting times. This compares to the finding that NSPC
migration in the in vivo brain environment is not continuous and comprises distinct
phases of pausing, forward and retrograde movement.[174] Radial migration velocities
in vivo were reported to range from 0.10 ± 0.01µm/min to 0.33 ± 0.10µm/min[174]
and are therefore slower than the measured velocities on 2D substrates or within
the microtube samples, most likely because neither in vitro substrate did confine
cell movement in all three dimensions. Additionally, the rigidity of the glass scaf-
folds most likely further influences the migration characteristics, so that in further
studies it will be interesting to investigate how the stiffness of the substrate addi-
tionally modulates the migration behavior. However, this is beyond the scope of the
presented work and its first approach of the in vivo cell morphologies. No other in
vitro cell culture scaffold so far has been reported to reproduce aspects of the in vivo
saltatory neural progenitor cell movement, where the cell body moves in intermit-
tent, saltatory bursts[14] and in the meantime does not move forward.[112,223,238] The
biochemically and geometrically well defined and thereby rather simplistic cell envi-
ronment of the microtube samples gives rise to an NSPC migration behavior evocative
of the reported movement in brain tissue and comparable to the described amoeboid
migration of nontransformed, motile leukocytes. Therefore, the characteristics of the
NSPC amoeboid migration identified with the help of functionalized glass microtubes
present a starting point for further studies of developmental rearrangements during
brain formation.
5.3 Confinement versus dimensionality
The overall challenge in the attribution of a specific cell response to a certain phys-
ical aspect of the cell environment originates in the inherent complexity of scaffold
properties. Especially the parameters dimensionality and confinement are tightly
linked when the scaffold dimensions are varied over a broader range (several tens
of micrometers). The ”unconfined” situation becomes then easily identical with the
2D, planar substrate. This is the case in several studies that employ microchannels
of constant height and different widths. Here, the width is varied for example be-
tween 3 and 50 µm with a height of 10 µm.[11] Adherent cells spread on a planar
substrate however do not normally reach a height of 10 µm and require lateral space
restrictions to become more 3D, thereby acquiring height (compare section 4.2.1) and
filling the whole channel. Thus the increased confinement is overlain by an increase
in perceived scaffold dimensionality, so that effects that have been attributed to the
scaffold confinement could as well be caused by the deviation from the apical-basal
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cell polarity. These effects include cytoskeletal reorganization, suppressed focal ad-
hesion formation, independence of myosin II contractility and a suppression of the
mesenchymal migration mode.[11] The investigation of NSPC migration inside mi-
crotubes with micrometer-precise confinement conditions at about the size of single
cells revealed that these characteristics were all found to be provoked by the dimen-
sionality and not confinement aspect of the cell environment. In a proteolytically
non-degradable matrix as the microtube scaffold the cell migration mechanism was
chosen independently of the amount of confinement, as the migration characteristics
of NSPCs did not display a dependence on the microtube diameter. The confinement
rather served as a physical restriction of cell movement, where the cells were able
to either move through, or not. Therefore, the presented results underline the need
for a careful design and control of the cell surroundings, especially scaffold geometry.
For the creation of tissue-approaching cell environments with various applications
ranging from disease modelling to tissue and graft material engineering, it will be
indispensable to provide a 3D cell scaffold with well-controlled space restrictions.
67
6 Conclusion and outlook
The results presented in this thesis demonstrate that glass microtube structures fab-
ricated by rolled-up technology serve readily as versatile and biocompatible 3D cell
culture scaffolds for different types of cells, most prominent stem cells. The possibil-
ity to design the microtube dimensions during the fabrication process was exploited
to confine and noticeably change the cell shape of both malignantly transformed and
healty primary cells. In accordance with the reported trend in the literature, a limit
for self-adopted confinement was observed and the narrowest dimension of U2OS
osteosarcoma nuclei was found to be 4 ± 1 µm observed inside microtubes of 5 µm
diameter. This corresponded to a nucleus cross section area of 27 % compared to
the unconfined-growing cells for this extreme case of 2D and isotropic whole-cell con-
finement. However, the quantification of the amount of DNA damage foci present in
the U2OS nuclei did not reveal a correlation with the size of the confining microtube
scaffolds, indicating that the changes in nuclear morphology had no major effect on
DNA integrity.
Additionally, the results demonstrate that the microtube substrates were ideally
suited as 3D scaffolds for NSPC motility studies with determinable single cell con-
finement. For NSPCs the increase in scaffold dimensionality from 2D to 3D led to
a morphologically distinct mesenchymal to amoeboid migration mode transition ir-
respective of the present confinement. In vivo studies confirmed the convergence of
shape descriptor parameters towards a native cell morphology. They lead to the con-
clusion that the confinement determined by the microtube diameter is able to mimic
the space restrictions found in dense brain tissue.
By applying the reductionist microtube scaffold and thereby changing just the di-
mensionality of the cell environment, a profound change in NSPC morphology and
motility characteristics was triggered. This provides experimental evidence that the
planarity of traditional cell culture substrates is a factor that introduces artificial de-
viation from cell morphology and motility observed in live tissues. Also, the absence
of lamellipodia protrusions although the 3D locomotion strategy of NSPCs was still
mainly dependent on actin polymerization underlines the incompatibility of these
cell extensions with 3D confined migration and instead the importance of filopodia
formation in actin polymerization-driven amoeboid migration. Additionally, the mi-
crotube environment was able to reproduce aspects of the saltatory NSPC migration
behavior previously observed in brain slice imaging experiments, thus strengthening
its relevance as an in vitro model system emulating tissue properties.
Collectively, the presented results demonstrate the applicability of the rolled-up
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microtubes as versatile, 3D biocompatible, and adjustable cell culturing scaffolds
while mimicking the in vivo confinement of cells in their physiological 3D environ-
ment. Thereby the findings of this thesis advance the comparison of traditional 2D
cell culture, 3D biomaterial scaffolds and physiological cell environment with the fo-
cus on discerning spatial aspects of the in vivo tissue that influence cell behavior.
They underline the need for careful identification, validation and finally integration
of essential tissue properties in order to design in vivo-mimicking biomaterial scaf-
folds.
The therapeutic application of stem cells in regenerative medicine, especially in cell
replacement strategies in the central nervous system, greatly depends on the precise
understanding of the intricate interplay of physical and biochemical properties of the
extracellular environment in manipulating cell fate. Additionally, the assessment of
relevant parameters governing the pervasive process of cell migration is indispensable
for the comprehension of the correct functioning of whole organims. Here, glass
microtube structures of defined dimensions can contribute to inferring the influence
of scaffold dimensionality and cell confinement on cell behavior with high-resolution
microscopic techniques. This cell culture system can be further employed to study
the dynamics of cell nucleus deformation and remodelling, as well as the effect of a
defined and long-term nucleus deformation on various cell responses. Examples are
changes in chromosome positioning and protein expression levels, thereby ultimately
affecting for instance the differentiation outcome of stem cells.
The excellent compatibility of the biofunctionalzed microtubes with stem cell cul-
ture and immunofluorescence-based readout with the potential to further manipulate
the biochemical properties of the biofunctionalization could help to discern aspects
of the in vivo stem cell niche, while being able to microscopically investigate the
single cell response. The possibility to incorporate additional functionality into the
microtube scaffold with additional microfabrication steps is another advantage of
the system and will help to not only passively confine cells but also to read out
the cell response actively. Going towards a lab-in-a-tube[211,212] implementation, im-
pedimetric electrodes have been incorporated into the rolled-up structures and have
the potential to monitor single cells.[151] Another interesting follow-up study could
exploit the well-studied functionalization chemistry of the silicon oxide substrate to
modify adhesion site geometry and ligand biochemistry to further investigate the
impact of adhesion site identity and 3D arrangement. Additionally, by incorporat-
ing more elastic materials during the fabrication process, also substrate rigidity as
another physical property of the cell environment could be changed.
Taken together, these and further investigations using the microtube cell culturing
system described in this thesis will help increase our understanding of the molecular
processes involved in the mechanotransduction of extracellular signals within the 3D
spatial and mechanical configuration of tissues.
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Research highlights
This thesis describes a highly interdisciplinary approach to discern the differing im-
pact of scaffold dimensionality and physical space restrictions on the behavior of
single cells. Rolled-up nanotechnology is employed to fabricate three-dimensional
(3D) SiO/SiO2 microtube geometries of varied diameter, that after a biofunctional-
ization step are shown to support the growth of U2OS and six different types of stem
cells. Cell confinement quantifiable through the given microtube diameter is tolerated
by U2OS cells through a remarkable elongation of the cell body and nucleus down
to a certain threshold, while the integrity of the DNA is maintained. This confine-
ment for NSPCs also leads to the approaching of the in vivo morphology, underlining
the space-restrictive property of live tissue. The dimensionality of the cell culture
scaffold however is identified as the major determiner of NSPC migration character-
istics and leads to a morphologically distinct mesenchymal to amoeboid migration
mode transition. The 3D microtube migration is characterized by exclusively filopo-
dia protrusion formation, a higher dependence on actin polymerization and adopts
aspects of in vivo-reported saltatory movement. The reported findings contribute to
the determination of biomaterial scaffold design principles and advance our current
understanding of how physical properties of the extracellular environment affect cell
migration characteristics.
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